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INTRODUCTION 


The connective tissue of multicellular organ- 
isms consists of cells and abundant extra- 
cellular substance, which contains collagen, 
elastin, proteoglycans and hyaluronate, and 
glycoproteins. The extracellular components 
are organized into a system composed of 
fibers and a gel-like substance, which is 
responsible for the mechanical properties of 
the tissue. Differences in the components give 
rise to a variety of connective tissues. In 
addition to forming the connecting and sup- 
porting structures the connective tissue is 
involved in at least two other vital functions 
in the organism: in the regulation of em- 
bryogenesis (see Grobstein 1975) and in the 
reparation of various injuries. 


With respect to reparative processes the 
connective ‘tissue possesses two important 
properties: the connective tissue cells (fibro- 
blasts or equivalent cells) are ubiquitous in 
the organism and they respond to various 
stimuli by proliferation and formation of new 
connective tissue (Kulonen 1973). Thus, at 
injury the connective tissue cells are activated 
as are the other mechanisms, which are in- 
tended for survival of the organism, such as 
vascular, haemostatic, inflammatory and 
immune responses. The new connective tissue 
formed in the reaction may serve as a frame 
for the ingrowth of the primary tissue, if 
it is capable of regeneration, or in the absence 
of this the result will be healing through 


formation of scar tissue. 


The reactivity of the connective tissue, 
although indispensible, seems also to be the 
cause of, or at least to be involved in, a vari- 


ety of acquired diseases. A hyperactive or in 
other ways disturbed connective tissue reac- 
tion may impair the functional result of heal- 
ing. The formation of connective tissue may 
with the regeneration of the 
primary tissue resulting in its scarring or the 
outcome may be e.g. the establishment of 
hypertrophic scars, adhesions or strictures. 
Furthermore, many chronic and debilitating 


compete 


diseases of man, such as rheumatoid and re- 
lated diseases, and various kinds of fibroses, 
are characterized by excessive stimulation 
and progressive accumulation of connective 
tissue. The control mechanisms of the con- 
nective tissue reaction and its relationship to 
other defensive mechanisms must be un- 
covered before the pathophysiology of these 
states is understood and their rational therapy 
becomes possible. 


The production of appropriate amounts of 
extracellular matrix with the right physical 
properties, i.e. with the correct macromolec- 
ular composition, can be regarded as the 
ultimate goal of the connective tissue reac- 
tion. The control of the process could include 
feedback actions of the extracellular matrix 


components on the cells, enabling the product 


to control its own amount and quality (Kulo- 
nen 1973). In the present investigation the 
control mechanisms of the connective tissue 
reaction were approached by studying in vitro 
the effects of glycosaminoglycans on the 
synthesis of collagen and proteoglycans by 
cells isolated from experimental granulation 


tissue. 


REVIEW OF THE LITERATURE 


FORMATION OF REPARATIVE 
CONNECTIVE TISSUE ' 


When a tissue becomes injured (the cause 
may be mechanical, chemical, metabolic etc.) 
an acute inflammatory reaction occurs at the 
site. It involves the release of various media- 
tors, vascular changes, extravasation of plas- 
ma constituents and migration of leukocytes 
to the tissue (for reviews see the book of 
Vane & Ferreira 1978). The reaction is a de- 
fensive action by which the organism through 
humoral and cellular effectors destroys for- 
eign materials and removes damaged tissue 
components. Under certain circumstances it 
may result in chronic or granulomatous in- 
flammation (review by Adams 1976). 
Concomitantly with and following the in- 
flammatory reaction the formation of repara- 
The two pro- 
cesses seem to be intimately connected as 


tive connective tissue starts. 


shown by in vitro experiments on the actions 
of various factors derived from inflammatory 
cells on fibroblasts or equivalent reparative 
cells (e.g. smooth muscle cells). Factors from 
platelets (Ross et al. 1974, Rutherford & Ross 
1976), polymorphonuclear leukocytes (Yaron 
& Castor 1969, Tchorzewski et al. 1975), mac- 
rophages (Heppleston & Styles 1967, Tchor- 
zewski et al. 1975, Aalto et al. 1976, Leibo- 
vich & Ross 1976) and activated lymphocytes 
(Chen et al. 1973, Johnson & Ziff 1976, Wahl 


1 Various alternative terms, such as the forma- 
tion of reparative connective tissue, connective 
tissue reaction, formation of new connective tissue, 
reactive formation of connective tissue and repair 
through formation of connective tissue, have been 
used in the literature and are also used in the 
present text. 
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et al. 1978) have been found to stimulate cell 
proliferation, synthesis of hyaluronate or syn- 
thesis of collagen. The platelet-derived 
growth factor is a cationic protein with a 
molecular weight of about 30 000 (Antoniades 
et al. 1979, Heldin et al. 1979), but otherwise 
the putative agents are poorly defined. 

It has been customary to distinguish phases 
in the connective tissue reaction based on the 
main metabolic events with respect to matrix 
formation (Lampiaho & Kulonen 1967, Aho- 
nen 1968, review by Nicoletis et al. 1977; for 
further references see Viljanto 1964, Niini- 
koski 1969). The process begins with the es- 
tablishment of a cell population (the phase of 
cell proliferation), which then will be respon- 
sible for the synthesis of matrix. The fibro- 
blasts or equivalent reparative cells are de- 
rived by migration and subsequent prolifera- 
tion from the surrounding tissue. The cells 
then produce the extracellular matrix (the 
phase of collagen synthesis), which is com- 
posed of fibers and a gel-like substance con- 
taining collagen and proteoglycans, respec- 
tively. This repair, however, may be regarded 
as a provisional one, intended to restore 
rapidly the continuity of the tissue and to 
provide the connection with sufficient me- 
chanical properties. Next, slower processes 
take place within the formed connective tissue 
(the phase of remodelling and maturation, or 
the involution of tissue), which decrease the 
volume and improve the mechanical proper- 
ties of the new tissue. In extreme cases this 
may result in an almost complete resorption 
of the tissue (e.g. the granuloma induced by 
subcutaneous injection of carrageenin) or in 


the establishment of a mature scar tissue (e.g. 
wound healing). Processes responsible for the 
reorganization of tissue involve the continu- 
ous synthesis and degradation of matrix com- 
ponents, formation of firmer interactions be- 
tween collagen and proteoglycans, and for- 
mation of cross-links between collagen mole- 
cules. 

In addition to matrix formation also other 
events, such as the formation and involution 
of the capillary bed and the contractile phe- 
nomena in the tissue (Gabbiani & Montandon 
1977), are involved in the formation of repar- 
ative connective tissue. 

The regulation of the connective tissue re- 
action can be described in terms of inter- 
actions between the cells (e.g. between fibro- 
blasts or fibroblasts and macrophages) on one 
hand and between the cells and their envi- 
ronment on the other. Obviously these inter- 
actions, along with the inherited properties 
of the cells, determine the activity of the cells 
at a particular moment and regulate the de- 
velopment of the process from one phase to 
another. The stimulatory actions, referred to 
above, probably are part of the mechanism of 
this regulation. A detailed consideration of 
all suggested mechanisms is outside the scope 
of this review, which will deal only with the 
types and changes of glycosaminoglycans 
during the process and their suggested func- 
tions. 


GLYCOSAMINOGLYCANS DURING 
THE CONNECTIVE TISSUE 
REACTION 


Studies on the formation of reparative con- 
nective tissue have been carried out on actual 
injuries of tissues or in situations where the 
connective tissue reaction has been induced 
by implantation of some foreign, irritant ma- 
terial. Examples of the different glycosami- 
noglycans and their quantitative changes 
under these conditions have been presented in 
table 1. The list is intended to illustrate some 


of the similarities and dissimilarities between 
various connective tissue reactions. The fol- 
lowing comments refer to this table. 


A common finding in all investigations is 
that hyaluronate is related to the early stages 
of the connective tissue reaction, when it is 
either the most abundant glycosaminoglycan 
in the tissue, or its relative content is greater 
than during the subsequent stages of the 
process. It is not quite clear if a real decrease 
in the amount of hyaluronate takes place 
later during the reaction or whether the ob- 
served decrease is only due to dilution by 
other constituents of the growing tissue. The 
first alternative is supported by the finding 
that high hyaluronidase activities in wounds 
after 7 days coincide with the decrease in 
hyaluronate (Bertolami & Donoff 1978, Alex- 
ander & Donoff 1979). On the other hand, in 
those studies where the total amount of hy- 
aluronate in tissue, and not its content per 
tissue weight, has been measured the amount 
of hyaluronate does not decrease even 60 days 
after the onset of the reaction (Lehtonen 
1968, Helin et al. 1971). 


Sulphated glycosaminoglycans dominate 
during the later stages of the connective tis- 
sue reaction. Depending on the investiga- 
tion individual sulphated glycosaminoglycans 
have been found to increase continuously 
during the process or to show a temporary 
increase followed by a decrease. The changes 
of various glycosaminoglycans within a tissue 
may be different, and one glycosaminoglycan 
may have different patterns in two tissues. 


Also quite similar tissues have shown differ- 


ences, even in their glycosaminoglycan types. 
For example, in the rat the intraperitoneal 
granulomas and the granulation tissue of 
open wounds contain dermatan sulphate with 
no keratan sulphate (Lovell et al. 1966, Bent- 
ley 1967), whereas for the subcutaneous gran- 
ulomas the opposite is true (Lehtonen 1968). 
Furthermore, contradictory results have been 
obtained with respect to the presence of 
chondroitin sulphates in the granulation tis- 
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sue of healing rabbit tendon (Dorner 1968, 
Reid & Flint 1974). 

One of the tissues in table 1 is clearly 
unique. The glycosaminoglycan composition 
of healing rabbit cornea is distinct from that 
of normal adult cornea and resembles the 
composition in the embryo. Healing of the 
cornea may result in full transparency, i.e. in 
the full restoration of the tissue and its func- 
tion. This and the embryonic features of the 
healing indicate that the corneal stroma is 
capable of regenerating itself without forma- 
tion of scar tissue (Cintron & Kublin 1977). 
This may be true also for the tendon tissue 
(Dorner 1968). 


Comments on the literature 


The results on glycosaminoglycans obtained 
by various authors and from various tissues 
obviously differ somewhat. This variability is 
in contrast with the quite uniform informa- 
tion about collagen in these same tissues 
showing that its amount increases steadily 
after the 5—7th day and in most instances 
reaches a maximum within a few weeks. 
Part of the inconsistency originates from 
methodological differences. 
fractionation of the 
varies in different 


The amount of 
glycosaminoglycans 
which 
impedes comparisons. Furthermore, the vari- 
ability in the molecular weight, the degree of 
sulphation and the amount of hybrid forms 
of glycosaminoglycan chains may cause the 
methods based on different solubilities of 
cetylpyridinium complexes, different electro- 
phoretic mobilities or the use of specific de- 
grading enzymes to give somewhat different 
results. Such variations may be present in 
the reparative connective tissues (see Table 1 
note a). In all studies on sulphated glycosami- 
noglycans thus far the proteoglycan nature of 
these substances has not been taken into ac- 
count. Knowledge of the functions of dif- 
ferent proteoglycans in the reparative tissues 
is needed before the glycosaminoglycan 
changes can be fully interpreted. 


investigations, 
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A reparative connective tissue may show 
spatial inhomogeneity, i.e. various parts of 
the tissue may be at different stages of devel- 
opment (Pallin et al. 1975). This clearly can 
affect the interpretation of the results and 
may impair the identification of the develop- 
mental sequences. Lovell et al. (1966) have 
been able to demonstrate a clear sequence of 
qualitative and quantitative glycosamino- 
glycan changes during the formation of new 
connective tissue, probably because the tissue 
in their model is fairly homogeneous. The 
authors implanted slices of boiled hen egg- 
white into the peritoneal cavity of rat, where 
the implants remained free and became sur- 
rounded by a thin lining of avascular connec- 
tive tissue. 

Some of the inconsistencies may be due to 
different ways of expressing the results, i.e. 
the results have been calculated as total 
amounts of glycosaminoglycans in the tissue 
or as contents per wet or dry weight of tissue 
(see Table 1 note c). It has been pointed out 
that this may affect the interpretation of the 
results (Helin et al. 1971). 

The main reasons for the variability, how- 
ever, are biological and relate to differences 
between the species or tissues and to the dif- 
ferent methods of producing an injury or an 
experimental granulation tissue. Factors in- 
fluencing the course of the process may in- 
clude the degree of damage caused to the tis- 
sue, the inherited properties of the reparative 
cells, the amount and duration of phagocyto- 
sis involved in each particular instance and 
the mechanical stresses to which the tissue is 
exposed during healing. These and similar 
factors may cause some versatility in the me- 
tabolism of glycosaminoglycans. This may 
apply also to collagen, but has mostly re- 
mained unnoticed because its expressions, 
such as the structure and orientation of fibers 
and the type of collagen, cannot at all or not 
easily be evaluated by chemical determina- 
tions. The polymorphism of glycosamino- 
glycans may be regarded as one of the means 


by which the connective tissue can respond 
to various demands of the environment 
(Mathews 1975). 


SUGGESTED ROLES OF GLYCOSAMINO- 
GLYCANS DURING THE CONNECTIVE 
TISSUE REACTION 


The physiological function of glycosamino- 
glycans during the formation of reparative 
connective tissue has been the subject of 
much discussion and is still mainly specula- 
tive. The type and quantity of the glycosami- 
noglycans have been related to the major de- 
velopmental events of the reparative process, 
i.e. the proliferation of cells, the synthesis of 
collagen and the remodelling of the tissue. 


Hyaluronate 


The rapid synthesis of hyaluronate during 
the early stages of the connective tissue reac- 
tion has been related to cell proliferation. 
The hyaluronate-rich environment has been 
regarded suitable for the rapid migration and 
proliferation of fibroblasts or equivalent re- 
parative cells, because it offers a necessary 
support for the cells, but does not form an 
obstacle for them (Bentley 1967, Castor 1973). 
This kind of function of the hyaluronate may 
be of more general cell physiological impor- 
tance; the role of hyaluronate in embryonic 
morphogenesis has also been discussed in 
these terms (Toole 1973). It has been sug- 
gested that a peptide, the connective tissue 
activating peptide, triggers the hyaluronate 
synthesis in the reparative cells (Castor 1971, 
1973, Castor & Lewis 1976). This activity is 
released from cells at the site of the injury 
or from leukocytes migrating there, and its 
role would be to start the transition of the 
defensive process from an 
phase to a reparative one. 


inflammatory 


Also other, less well defined, functions have 
been proposed for the early predominance of 
hyaluronate. The presence of hyaluronate 


may prevent the diffusion of some important 
regulators away from the vicinity of cells 
(Castor 1973), and protect the cells against 
influences from the blood, such as changes in 
the fluid balance and access of plasma com- 
ponents to the cells (Judd & Wexler 1970). 

A role has been proposed for hyaluronate 
also in the remodelling of the connective tis- 
sue. It may disaggregate collagen fibers and 
thus make the fibers more susceptible to deg- 
radation by enzymes (Flint 1972, Reid & 
Flint 1974). Such a function could be re- 
quired immediately after injury for the re- 
moval of damaged tissue, and later on during 
the phase of remodelling and maturation for 
the degradation of newly formed matrix. The 
latter could explain why relatively high 
amounts of hyaluronate persist in some re- 
parative processes (see Table 1). 


Sulphated glycosaminoglycans 
(proteoglycans) 


The results of early investigations on repara- 
tive connective tissues were interpreted to 
indicate that a glycosaminoglycan-containing 
extracellular matrix must first been formed 
before the cells are able to deposit collagen 
in the tissue. This, however, turned out to be 
a misinterpretation resulting from the use of 
total hexosamine determinations to estimate 
the amount of glycosaminoglycans in the tis- 
sue; in healing tissues most of the hexosamine 
resides in glycoproteins and not in glycosami- 
noglycans (Grillo et al. 1958, Jackson et al. 
1960). However, the accumulation of sul- 
phated glycosaminoglycans and collagen par- 
allel, and the original idea about a connec- 
tion between them has survived but has been 
modified. Synthesis of sulphated glycosami- 
noglycans has been suspected to be required 
for the onset of collagen synthesis in the re- 
parative cells. That the two syntheses coin- 
cide does not prove that there is a cause and 
effect relationship, and at the present there is 
no direct evidence for or against it. The 
syntheses may represent two independent 


11 


properties of a mature reparative cell (Bent- 
ley 1967). 

In various reparative processes at least one 
of the sulphated glycosaminoglycans has been 
found to accumulate in parallel with the col- 
lagen. This has led to discussion about the 
significance of sulphated glycosaminoglycans 
for the deposition and properties of collagen 
fibers (e.g. Jackson 1958, White et al. 1961, 
Lovell et al. 1966, Lehtonen 1968, Judd & 
Wexler 1970, Reid & Flint 1974). The sul- 
phated glycosaminoglycans that accumulate 
are different in different reparative tissues 
(see Table 1); there are examples of chon- 
chondroitin 6-sulphate, 
dermatan sulphate or heparan sulphate ac- 
cumulating, but only dermatan sulphate, 
when present, does so consistently. An incor- 
poration of dermatan sulphate into collagen 
fibers has been proposed (Lovell et al. 1966), 
and Lehtonen (1968) found a correlation be- 
tween the accumulation of insoluble chon- 
droitin 4-sulphate and collagen. A close as- 
sociation between dermatan sulphate and 
collagen exists also in non-reparative con- 
nective tissue (Toole & Lowther 1968). This 
concept was widely accepted after the dem- 
onstration that glycosaminoglycans affect the 
precipitation of collagen as fibers from solu- 
tion (Wood 1960). These in vitro studies have 
been extended and glycosaminoglycans have 
been shown to interact with collagen and to 
influence its precipitation as fibers also under 
conditions of physiological pH and _ ionic 
strength (Obrink 1973a, 1973b, Oegema et al. 


droitin 4-sulphate, 


1975). The glycosaminoglycans, however, may 
not be the only substances which are impor- 
tant for the formation of collagen fibers. 
Glycoproteins are more abundant in healing 
tissues than glycosaminoglycans and may be 
involved in the formation of collagen fibers 
as well (White et al. 1961, Lehtonen 1968, 
Judd & Wexler 1974). 


The presence of chondroitin 4-sulphate in 
repairing tissues has been related to the rapid 
deposition of new collagen fibers (Lovell et al. 
1966, Dorner 1968, Kischer & Shetlar 1974). 
Very impressive in this context is the 30-fold 
increase in the amount of chondroitin 4-sul- 


phate in a healing myocardial infarction 


(Shetlar et al. 1978). Hypertrophic scars con- 
tain elevated amounts of collagen and chon- 
droitin 4-sulphate, and it has been proposed 


that they represent a disordered state of con- 
nective tissue maturation due to a failure in 
the degradation of chondroitin 4-sulphate 
(Kischer & Shetlar 1974). Chondroitin 4-sul- 
phate-containing proteoglycans may react 
with collagen fibers, coating them and pre- 
venting their degradation (Linares & Larson 
1978). 


In addition to the regulatory functions dis- 
cussed above one of the main tasks of the 
extracellular matrix also in the reparative 
connective tissue is to provide it with neces- 
The proteogly- 
cans must contribute to this in the same way 
as in other tissues (see the review by Comper 
& Laurent 1978). 


sary mechanical properties. 
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PURPOSE OF THE PRESENT INVESTIGATION 


Changes in glycosaminoglycans have been 
described and regulatory roles have been pro- 
posed for them in many instances of the for- 
mation of the reparative connective tissue. 
However, the effects of glycosaminoglycans 
on the cells in these tissues are not well 
known. The purpose of the present investiga- 
tion was to find out: 


1. Is it possible to isolate cells from ex- 
perimental granulomas in sufficient quantity 
and with preserved functions for experiments 


on the biosynthesis of matrix components in 
vitro? 

2. How do added glycosaminoglycans af- 
fect the synthesis of collagen and proteogly- 
cans by these cells, as measured by the in- 
corporation of proline and sulphate, respec- 
tively? The effects of hyaluronate, chon- 
droitin sulphate-containing proteoglycan and 
heparin, each over a wide range of concen- 
trations, were to be studied. 

3. What are the mechanisms of action and 
could they function also in vivo in the control 
of granulation tissue metabolism? 


MATERIALS AND METHODS 


CELL PREPARATIONS 


Production of granulomas 


The granulomas were produced in rats by 
subcutaneous implantation of viscose cellu- 
lose sponge (Viljanto & Kulonen 1962, Vil- 
janto 1964). The sponge (Kongfoss Fabrikker 
A/S, Oslo, Norway) was washed thoroughly 
in water and aqueous ethanol and cut into 
pieces of 7 X 15 X 20 mm while wet. The 
pieces were sterilized by boiling them for 30 
min in 0.154 mol/l] NaCl. Four pieces were 
implanted under the dorsal skin of a rat 
(male albino rats of Wistar strain, 3—3 !/2 
months old at the time of implantation). At 
chosen times the animals were killed, and the 
sponges with ingrown tissue were removed 
for the isolation of cells. 


Isolation of cells from granulomas 


The cell isolation procedure used in the 
present investigation was a modification of 
an earlier method (Ivaska 1973). In most ex- 
periments, and if not otherwise mentioned, 
the cells were isolated from 17 (+ 1)-day 
granulomas (see Discussion). Figure 1 shows 
the main features of the cell isolation proce- 
dure. The mechanical disintegration and 
washing of granulomas were performed at 
room temperature and all subsequent steps 
at 37°C with the tissue or cells suspended in 
complete nutrient medium. All glassware 
was siliconized. The equipment was sterilized 
by autoclaving and the solutions by filtrating 
through a 0.22-um filter. All operations were 
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Figure 1. Cell isolation procedure (for details see 
the text) 


Mechanical disintegration of the granulomas 
cut into slices 


Mechanical washing of the slices 
vigorous stirring in salt solution 


decantation 


——___—__> | Washings | 
| Slices | 


| 


Enzymatic digestion of the slices 
incubation with collagenase, hyaluronidase 
and trypsin in culture medium at 37°C 


Mechanical dispersion of the cells from the tissue 
vigorous stirring 


filtration 


= | Residue | 


| Medium | 


Recovery and purification of the cells 
centrifugations and filtrations 
Incubation of cells for 4 h in culture medium 
centrifugation and filtration 
suspension in fresh medium 


Cell preparation 


| 


performed under aseptic conditions. 

Eight granulomas were pooled for each 
isolation of cells. The granulomas were cut 
into 2-mm-thick slices with a razor blade and 
then further into smaller pieces with scissors. 
The sliced tissue was washed by stirring it 
vigorously with a magnetic stirrer for 5 min 
in 100 ml of 10 mmol/l phosphate buffered, 
pH 7.4, calcium-free Hanks’ solution?. The 
washing was repeated twice, and after each 
wash the medium and the tissue were sepa- 
rated by careful decantation. For digestion 
the washed tissue was suspended in 70 ml of 
20 mmol/l HEPES buffered, pH 7.4, Eagle’s 
MEM! containing 35 mg of bacterial col- 
lagenase (Type I from Clostridium histolyti- 
cum; Sigma Chemical Company, St. Louis, 
Mo.) and 70 mg of testicular hyaluronidase 
(Type I from bovine testes; Sigma) and gently 
stirred at 37°C for 60 min. Thereafter, 250 mg 
of trypsin (Type III from bovine pancreas; 
Sigma) in 30 ml of medium was added to the 
mixture and it was further stirred for 30 min. 
A drop in the pH during the incubation was 
prevented by adding intermittently 1 mol/l 
NaOH to the medium. At the end of the 
digestion serum albumin (Bovine albumin, 
Fraction V; Sigma) in 20 ml of medium was 
added to a final concentration of 2 g/l, and 
the mixture was stirred vigorously for 3 min 
to release cells from the digested tissue. The 
medium and the tissue remnants were sepa- 
rated by filtration through a coarse nylon 
cloth, and the remnants were washed twice 


2 Calcium-free phosphate buffered Hanks’ solu- 
tion was prepared by mixing 9 parts of Hanks’ 
solution, from which CaCls had been omitted, with 
1 part of 0.1 mol/l phosphate buffer pH 7.4. The 
solution was supplemented with 5 X 105 IU/1 peni- 
cillin. 

3 Medium for the cells and for the incorporation 
experiments was prepared by mixing 9 parts of 
Eagle’s MEM (F-16 from Grand Island Biological 
Company, Grand Island, N.Y.) with 1 part of 0.2 
mol/1 HEPES (Sigma) buffer pH 7.4. The medium 
contained Hanks’ salts and non-essential amino 
acids, and it was supplemented with 0.1 mmol/1 
ascorbic acid, 0.01 mmol/l FeSO, and 0.1 g/l 
ampicillin. To all media, with the exception of 
those used for enzyme digestions during the isola- 
tion of cells, bovine serum albumin was added to 
a final concentration of 2 g/1. 


by stirring them in 70 ml of albumin-contain- 
ing medium (all media used thereafter in the 
procedure contained 2 g/l albumin). The com- 
bined media were filtered through three 
layers of fine nylon net (Monyl®, mesh size 
50 um; Jutex, Falsterbo, Sweden), and the 
filtrate was centrifuged for 10 min at 150 Xg. 
The cell pellets were suspended in 100 ml of 
medium, the suspension filtered as above and 
centrifuged for 5 min at 100 <g. The wash- 
ing was repeated, and the cells were sus- 
pended in 100 ml of medium. Before the in- 
corporation experiments, the cells were incu- 
bated for 4 h with gentle stirring in suspen- 
sion (see Discussion). After centrifugation 
they were transferred to 100 ml of fresh 
medium and the suspension was filtered. 
Single cells were obtained (observed by mi- 
croscopic examination). For the yield and 
viability of the cells see Results. 


Fractionation of cells on the basis 
of adhesion to glass 


In order to demonstrate biosynthetic differ- 
ences among the cells an experiment with 
two fractions of cells was done. The fractions 
were obtained by the following procedure. 
About 250 X 10® cells in 70 ml of HEPES 
buffered albumin-containing Eagle’s 
isolated and preincubated for 4 h as described 
above, were inoculated into a 120-cm? culture 
flask (Sani-Glas®; Brockway Glass Company, 
Brockway, Penn.) and kept at 37°C for 45 
min. The medium with unadhered cells was 
decanted off, fresh medium was added, and 
adhered cells were detached from the surface 
by gentle mechanical scraping with a “rubber 
policeman”. All of the cells could not be 
recovered in the two fractions (see Table 4). 
The lost cells may have adhered but either 
resisted detachment or became disrupted by 
this treatment. 


Cell cultures 


In a few experiments cell cultures were done 
in order to study the viability and quality of 
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the isolated cells. The cells were cultured in 
Eagle’s MEM! supplemented with 10 °/o fetal 
calf serum (Flow Laboratories, Irvine, Scot- 
land), 10° IU/1 penicillin and 50 mg/1 strepto- 
mycin. Two milliliters of medium with 4 xX 
10° cells was inoculated into 35-mm culture 
dishes (Falcon Plastics, Los Angeles, Calif.) 
and incubated at 37°C in a humidified atmo- 
sphere of 5 °/o COs; in air. The medium was 
changed every fourth day. 


Cell counting 


An electronic cell-counter (Celloscope 401; 
Linson Instruments AB, Stockholm, Sweden) 
was used. The instrument was equipped with 
an 80- or 150-uwm aperture and its operation 
was calibrated with the aid of particles of 
known size supplied by the manufacturer. In 
counting cells the instrument was set to count 
particles larger than 7 um in diameter; the 
mean diameter of the isolated granulation 
tissue cells has been shown to be 12—13 um 
(Ivaska 1973). Aliquots of cell suspensions 
were mixed with phosphate buffered saline’ 
and counted. Cells from culture dishes were 
harvested by pipetting 2 ml of 0.25 °/o trypsin 
(Type III from bovine pancreas; Sigma) in 
phosphate buffered saline onto the cell layers. 
After 15—30 min at 37°C the solutions were 
collected, the dishes were washed with 10 ml 
of phosphate buffered saline and the cells 
counted immediately. The cell counts, when 
necessary, were corrected for coincidence ac- 
cording to instructions of the manufacturer. 


TESTED SUBSTANCES 


Preparation of hyaluronate 


Hyaluronate was extracted from rooster comb 
essentially as described by Swann (1968). 


4 Medium for the cell cultures was Eagle’s MEM 
with non-essential amino acids (F-15 from Grand 
Island Biological Company). 

5 Phosphate buffered saline was prepared by 
mixing 9 parts of 0.154 mol/l NaCl and 1 part of 
0.1 mol/l phosphate buffer pH 7.4. 
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Rooster heads were obtained from a local 
slaughterhouse and collected into crushed 
ice. Further handling of the tissue was 
started in less than one hour and all opera- 
tions were performed at 4°C. The combs were 
cut into pieces and ground with the meat 
grinder which had been soaked in dilute 
EDTA solution and thoroughly rinsed with 
water. The ground tissue was put into ace- 
tone. The tissue was extracted with acetone 
for several days with daily replacement of 
solvent, and finally dried at room tempera- 
ture. For extraction of hyaluronate the dried 
tissue was suspended in water so that the 
fully swollen tissue was covered, and a few 
milliliters of chloroform were added as a 
bacteriostatic agent. After four days the 
suspension was centrifuged for 15 min at 
25000 <g. The sediment was resuspended in 
water. NaCl was added to the supernatant to 
a final concentration of 0.2 mol/l and the hy- 
aluronate was precipitated by a 3-fold volume 
of ethanol. After standing overnigth the pre- 
cipitate was collected by centrifugation for 
20 min at 3200 Xg and was then suspended 
in ethanol. The extraction of tissue was con- 
tinued for up to two months. The precipitates 
obtained from each extract were pooled and 
stored at 4°C in ethanol. 

Upon completion of the extraction the com- 
bined precipitates were dissolved in water 
and the undissolved material removed by cen- 
trifugation for 15 min at 25000 Xg. To pre- 
cipitate hyaluronate an excess of CPC (Kabi 
AB, Stockholm, Sweden; purified further by 
crystallization from water and acetone at 
4°C) was added and the precipitate which 
formed overnight at room temperature was 
collected by centrifugation for 20 min at 
3200 Xg. Hyaluronate was further purified 
by reprecipitating it twice as a cetylpyri- 
dinium complex; the material which in the 
presence of CPC was soluble in 0.3 mol/l 
NaCl but precipitated upon dilution with a 
5-fold volume of water was collected (Scott 
1960). Hyaluronate was then converted to the 
sodium salt by precipitating it several times 


Table 2. Chemical characteristics of the glycosaminoglycan preparations (sodium salts) 


Measured characteristic 


Hyaluronate 


Proteoglycan Chondroitin sulphate 


Hexosamine/uronic acid ratio, 
molar ratio 


Glucosamine/galactosamine ratio, 
molar ratio 

Moisture content !, 

(w/w) 

Protein content 2, 

(w/w) 


Recovery of measured constituents 3, 
(w/w) 


0.94/1.00 


1.00/0.00 


0.99/1.00 0.97/1.00 


0.02/0.98 0.04/0.96 
15 23 14 
1.3 1.3 


97.6 92.8 92.6 


1 Measured as the reduction of weight after 24 h at 105°C. 


2 Calculated by multiplying the amount of nitrogen in excess of that in hexosamine by a factor of 6.25. 


3 The sum of moisture, protein and glycosaminoglycan (sodium salt) as compared with the amount of 
preparation weighed for analysis. The amount of glycosaminoglycan was calculated by multiplying the 
amount of uronic acid (determined as lactone) by the theoretical factors 2.284 and 2.869 for hyaluronate 
and chondroitin sulphate, respectively. The presence of keratan sulphate in proteoglycan or linkage 
regions of the chondroitin sulphate chains was not taken into account. 
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Figure 2. Absorption spectra of the glycosamino- 
glycan preparations (sodium salts) 

PG = 2.5 g/l proteoglycan, HA=0.5 g/l hyal- 
uronate, CS = 2.5 g/l chondroitin sulphate; all in 
water. 


from 2 mol/l NaCl by the addition of a 3-fold 
volume of ethanol. Finally the precipitate 
was washed with ethanol and ether, dried at 
room temperature and stored at 4°C as pow- 
der. Results of the chemical analysis of the 
preparation are given in table 2 and figure 2. 
Prior to use in the experiments the prepara- 
tion was precipitated once from 0.154 mol/1 
NaCl, buffered to pH 7.4 with 20 mmol/1 
HEPES, by the addition of a 4-fold volume of 


ethanol. The precipitate was washed with 
ethanol and dried under reduced pressure at 


The present investigation showed that in 
crder to give reproducible results in the in- 
corporation experiments the hyaluronate had 
to be heated (see Results and Discussion). The 
hyaluronate was dissolved in water, 10 g/l, 
kept for 5 min in a boiling water bath and 
cooled to 4°C. 


Preparation of proteoglycan 


Proteoglycan was extracted from bovine nasal 
cartilage essentially as described by Mala- 
wista & Schubert (1958). Bovine nasal septa 
were collected into crushed ice in a local 
slaughterhouse and further handling started 
in less than one hour. All operations were 
performed at 4°C. The cartilages were freed 
from adjoining tissue, cut into pieces, and 
homogenized (see below) for 5 min in ethanol. 
The tissue was washed with ethanol and ether 
and dried at room temperature. The resulting 
powder was stored at 4°C. Two grams of 
cartilage powder was suspended in 80 ml of 
water and allowed to rehydrate for 1 h. Then 
160 ml of water was added and the suspension 
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was homogenized for 15 min at full speed in 
a homogenizer (Omni-Mixer Type OM, nomi- 
nal speed 16 000 rpm; Ivan Sorvall, Inc., Nor- 
walk, Conn.) with the container in a methanol 
bath of —70°C for effective cooling. Then 
480 ml of ethanol was added to the suspen- 
sion. Following centrifugation for 40 min at 
800 <g the supernatant was filtered through 
a plugg of glass wool. The residue was 
washed with 240 ml of ethanol and the pro- 
teoglycan was precipitated from the combined 
supernatants by adding potassium acetate to 
a final concentration of 10 g/l. The precipi- 
tate was collected by centrifugation for 20 
min at 3200 <g. To obtain proteoglycan in 
monomer form the precipitates were treated 
according to the following procedure (Gerber 
et al. 1960). The precipitates, usually five 
from one day’s extractions, were stirred in 
200 ml of 0.15 mol/l KCl. The suspension was 
centrifuged for 2 h at 25000 Xg and the 
sediment washed with 200 ml of the same 
solution. Proteoglycan was recovered from 
the combined supernatants by the addition of 
a 2-fold volume of ethanol followed by cen- 
trifugation. The precipitate was washed and 
dried at room temperature. 


Proteoglycan was further purified by pre- 
cipitating it twice as a cetylpyridinium com- 
plex from 0.3 mol/l NaCl, buffered to pH 9 


with 10 mmol/l TRIS (Scott 1960). It was 


converted to the sodium salt by precipitating 
several times from 2 mol/] NaCl by the addi- 
tion of a 4-fold volume of ethanol. Finally 
the precipitate was washed with ethanol and 
ether, dried at room temperature, and stored 
Results of the chemical 
analysis of the preparation are given in table 


at as powder. 


2 and figure 2. Prior to use in the experi- 
ments the preparation was precipitated once 
from 0.154 mol/l NaCl, buffered to pH 7.4 
with 20 mmol/l HEPES, by the addition of a 
4-fold volume of ethanol. The precipitate was 
washed with ethanol and dried under reduced 
pressure at 37°C. 
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Preparation of chondroitin sulphate 


Chondroitin sulphate was recovered from 
bovine nasal cartilage after digestion of the 
tissue with papain, and was further purified 
by precipitation as a cetylpyridinium com- 
plex (Scott 1960, Schiller et al. 1961). Carti- 
lage powder (see above) was suspended in 
0.1 mol/l acetate buffer, pH 5.5, containing 
1 mol/l NaCl, 10 mmol/l cystein and 10 
mmol/l EDTA. Two grams of activated 
papain (Papain, wasserléslich; Merck, Darm- 
stadt, Germany) per 100 g cartilage powder 
was added and the suspension was incubated 
for 24 h at 65°C. Fresh activated papain was 
then added and the incubation continued for 
another 24 h. The digest was cooled to 0°C, 
and trichloroacetic acid was added to a final 
concentration of 10 °/o (w/v). After 2 h it was 
centrifuged for 20 min at 3 200 Xg, the super- 
natant was neutralized with NaOH and chon- 
droitin sulphate was precipitated by the addi- 
tion of a 4-fold volume of ethanol. Further 
purification of chondroitin sulphate by pre- 
cipitation with CPC and its conversion to the 
sodium salt were performed as described for 
the proteoglycan. Results of the chemical 
analysis are given in table 2 and figure 2. 
Prior to use in the experiments the prepara- 
tion was precipitated once from 0.154 mol/l 
NaCl, buffered to pH 7.4 with 20 mmol/1 
HEPES, by the addition of a 4-fold volume of 
ethanol. The precipitate was washed with 
ethanol and dried under reduced pressure at 
37°C. 


Heparin 


A commercial preparation of anticoagulant 
heparin (100 IU/mg; Medica, Helsinki, Fin- 
land) was used. The stock solution, 50 g/l, 
was stored at —20°C. Prior to use in the ex- 
periments the preparation was precipitated 
once from 0.154 mol/l NaCl, buffered to pH 
7.4 with 20 mmol/l HEPES, by the addition of 
a 4-fold volume of ethanol. The precipitate 
was washed with ethanol and dried under 
reduced pressure at 37°C. 


Dextran and dextran sulphate 


Dextran (M.W. 5 X 10° and 2 X 10°) and dex- 
tran sulphate (M.W. 5 X 10° and sulphur con- 
tent 17°/o) were commercial preparations 
(Pharmacia, Uppsala, Sweden). Stock solu- 
tions, 50 g/l, were prepared in water, dialyzed 
against water at 4°C, and stored at —20°C. 
Aliquots of these solutions were taken for the 
experiments and were dried by lyophilization. 


INCORPORATION EXPERIMENTS 
WITH THE CELLS 


The incorporation media contained 10 mCi/1 
of *H-proline (TRA 82; The Radiochemical 
Centre, Amersham, England) or 20 mCi/1 of 
%5S-sulphate (SJS 1; The Radiochemical 
Centre) in 20 mmol/] HEPES buffered, pH 7.4, 
Eagle’s MEM? supplemented with 2 g/1 albu- 
min and were prepared as follows. A known 
amount of dry glycosaminoglycan or dextran 
in a sterile tube was dissolved in water over- 
night at 4°C. This solution was diluted with 
an equal amount of freshly made double- 
concentrated incorporation medium. A 1:2 
dilution of the concentrated medium was used 
as control medium for the experiment. Media 
with various concentrations of the test sub- 
stance were prepared by mixing these two 
media in various proportions. 

Aliquots of the cell preparation, usually 
6 X 10° cells, were pipetted into a series of 
siliconized, sterile test tubes. The tubes were 
centrifuged for 5 min at 100 Xg, the super- 
natants decanted off and the cell pellets sus- 
pended in 2 ml of incorporation medium to 
give a final cell density of 3 X 10° cells/l (see 
Figure 5). The cells were incubated at 37°C 
in a reciprocal shaker (Microid Flask Shaker; 
Griffin & Tatlock Ltd., London, England) to 
keep them in suspension. In most experi- 
ments, and if not otherwise mentioned, the 
incubation time was 2 h. In order to correct 
for unspecific binding of the tracer 2 ml 
aliquots of different media were incubated 
also without cells. At the end of the incuba- 


tion 2 ml of ice-cold medium was added to 
the tubes and they were transferred to 
crushed ice. The cells and the media were 
separated by centrifugation at 4°C for 7 min 
at 250 <g. The cells were suspended in 4 ml 
of medium and all samples were stored frozen 
until analyzed. With highly viscous incuba- 
tion media, such as containing 5 g/l hyaluron- 
ate (see Results), there was inadequate sedi- 
mentation of the cells and thus 6 ml of me- 
dium, instead of the usual 2 ml, was added to 
these samples before the centrifugation. For 
reproducibility of the incorporation experi- 
ments see table 3B. 


ANALYTICAL METHODS 


Recovery of incorporated radioactivity 


Incorporation of *H-proline. The samples 
were thawed and a 4-fold volume of ethanol 
was added to them. The precipitates formed 
after standing overnight at 4°C were collected 
by centrifugation for 10 min at 1700 Xg, 
washed five times with 10 ml of 80 °/o (v/v) 
ethanol in 0.154 mol/] NaCl, once with ethanol 
and then dried at 65°C. The precipitates were 
suspended in 2 ml of 6 mol/l HCl with 1 mg 
hydroxyproline and 2 mg proline and were 
then hydrolyzed for 3 h at 130°C. The hy- 
drolysates were evaporated to dryness under 
reduced pressure at 45°C, and the residues 
were dissolved in 8 ml of water. Aliquots of 
these solutions were taken for the measure- 
ment of total radioactivities, and the rest of 
the samples were used to measure the hy- 
droxyproline radioactivities (Juva & Proc- 
kop 1966). 
ties, recovered as pyrrole, were multiplied 
by a factor of 4.73 in order to approximate 
the radioactivities in collagen. This approxi- 
mation assumes that the label is universally 
distributed among the stable hydrogen atoms 


The hydroxyproline radioactivi- 


of the proline, that one hydrogen is lost dur- 
ing hydroxylation of proline, and that 100 out 
of 217 proline residues in collagen are hy- 
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droxylated (a value reported for rat skin col- 
lagen, see review by Bailey 1968). The radio- 
activities in non-collagenous proteins were 
derived by subtracting the collagen activity 
from the total. 

Incorporation of **S-sulphate. The samples 
were thawed and 5 mg of carrier chondroitin 
sulphate was added, followed by a 4-fold 
volume of ethanol. The precipitates formed 
overnight at 4°C were collected by centrif- 
ugation for 10 min at 1700 <g, washed with 
ethanol and ethanol-ether (1: 1, v/v), and dried 
at 65°C. The precipitates were suspended in 
2 ml of 0.1 mol/l acetate buffer, pH 5.5, con- 
taining 0.5 mol/l NasSO,, 10 mmol/1 cystein, 
10 mmol/l EDTA and 2 g/1 activated papain, 
and were incubated for 24 h at 65°C. Then 
2 ml of 5°/o (w/v) CPC and 6 ml of water 
were added to the samples. They were kept 
for several hours at 37°C whereafter the 
formed precipitates were collected by cen- 
trifugation for 10 min at 1700 Xg. The pre- 
cipitates were dissolved in 1 ml of 1 mol/1 
Na,SO, with 10 °/o (v/v) ethanol and reprecip- 
itated by adding 1 ml of 5°/o CPC and 8 ml 
of water; the dissolving and reprecipitation 
was repeated five times. As the last step the 
precipitates were washed with 10 ml of water, 
dried at 65 C, and prepared for the measure- 
ment of radioactivity. The granulomas used 
in the present investigation have been shown 
to contain chondroitin 4-sulphate and keratan 
sulphate (Lehtonen 1968). By the method de- 
scribed above the radioactivity incorporated 
into chondroitin sulphate chains will be mea- 
sured. According to incorporation experi- 
ments in vivo (Ivaska, unpublished results) 
about 82°/o of the incorporated *°S-sulphate 
is found in the chondroitin sulphate fraction. 


Measurement of radioactivity 


The counting system for total *H-radioactivi- 
ties consisted of 300 wl of aqueous sample, 
5 ml of ethylene glycol monomethyl ether 
(Shell) and 10 ml of scintillation fluid con- 
taining 4 g/l PPO (Packard Instrument Com- 
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pany, Downers Grove, Ill.) and 0.1 g/1 POPOP 
(Packard) in toluene. The hydroxyproline 
3H-radioactivities were measured after addi- 
tion of 1 ml of scintillation fluid containing 
15 g/l PPO and 0.05 g/1 POPOP in toluene to 
16 ml of toluene extract containing the radio- 
active pyrrole. For measurement of *°S-radio- 
activities (Mahin & Lofberg 1966) 100 «wl of 
60 °/o (w/w) perchloric acid and 200 wl of 
30 °/o (w/w) HO, were added to CPC precipi- 
tates. They were kept at 80°C for 1 h in 
tightly closed tubes. After cooling 5 ml of 
ethylene glycol monomethyl ether and 10 ml 
of scintillation fluid containing 4 g/l PPO in 
toluene were added to the tubes and their 
contents mixed effectively until clear solu- 
tions were obtained. 

The counting vials were cooled and counted 
in a liquid scintillation counter (Tri-Carb 
Model 3320; Packard) for 10 min or until at 
least ten thousand counts had been collected. 
The measured radioactivities were corrected 
for background counts, for quenching and, in 
the case of **S, also for the decay of radio- 
activity. The counting efficiency for each 
sample was calculated from the equations for 
the standard curves, correlating the counting 
efficiency to the ratio of external standard 
counts at two different channels (Figure 3). 
The standard curves were constructed for 
each counting system by preparing a sample 
with a known amount of radioactivity and 
counting it then initially and after additions 
of 5 wl portions of CCl,; the standard curves 
were binomial regression lines fitted to the 
experimental values according to the method 
of least squares (Compucorp 325, Regression 
Analysis Pak, Los Angeles, Calif.). The stan- 
dard solutions of radioactivity were tritiated 
water (NES-003; New England Nuclear Cor- 
poration, Boston, Mass.), 7H-toluene (NES-004; 
New England Nuclear Corporation) and *S- 
sulphate in water (SJS 1; The Radiochemical 
Centre) for the counting systems of total 
’3H-radioactivity, hydroxyproline *H-radio- 
activity and *S-radioactivity, respectively. 
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Figure 3. Correction for quenching of the measur- 
ed radioactivities. 


The curves give counting efficiencies in the differ- 
ent counting systems (®°S-radioactivity, hydroxy- 
proline *H-radioactivity, total “H-radioactivity) as 
a function of the channel ratio of external stan- 
dard counts. Radioactivities were measured with 
a Packard Tri-Carb Model 3320 instrument, with 
the following settings: *°S, gain 23 °/o and window 
50—1000, *H-HYPRO, gain 50 °/o and window 50— 
1000, =H-TOTAL, gain 50 °/o and window 50—1000, 
and external standard counts, gain 3.5 °/o and 
windows 570—co and 1000—-~. The equations for 
the curves and their coefficients of correlation 
with the experimental values (points in the figure) 
are given below. 
Curve for **°S: Y = 42.2+ 113 X—139 X?, R= 
0.999 
Curve for *H-HYPRO: Y = 50.1 — 249 X + 419 X?, 
R = 0.999 
Curve for *?H-TOTAL: Y = 6.65—7.31 X + 77.2 
X?, R = 0.997 
Y is counting efficiency, X is channel ratio and R 
is the coefficient of correlation. 


Studies on macromolecular structure 
of hyaluronate 


Measurement of viscosity. An Ostwald type 


viscosimeter (bulb capacity 0.4 ml, diameter 
of capillary 0.5 mm and flow time for water 
51 s) was used. Hyaluronate was dissolved in 
0.154 mol/l NaCl, buffered to pH 7.4 with 
20 mmol/] HEPES, to give about 5 g/l. From 
this solution several dilutions were made 
using the same solvent. The measurements 


were done in a water bath at 25 + 0.05°C. 
The exact concentration of hyaluronate in the 
solutions was calculated from uronic acid de- 
terminations. 

Measurement of optical rotation. Optical 
rotation was determined with a polarimeter 
(Model 141; Perkin-Elmer & Co., Ueberlingen, 
Germany) equipped with a mercury lamp and 
with filters of 313, 364, 436, 546, 578 and 589 
nm. Hyaluronate was dissolved in 0.154 mol/l 
NaCl containing 1.26 mmol/] CaCl;, buffered 
to pH 7.4 with 5 mmol/l HEPES, to give about 
5 g/l. The solution was centrifuged for 45 
min at 60000 xg. The measurements were 
made at room temperature and at 37°C using 
a 10-cm cuvette. The exact concentration of 
hyaluronate in the solution was calculated 
from uronic acid determination. 

Gel filtration chromatography. The gel fil- 
tration of hyaluronate was performed in 2 °/o 
agarose (Sepharose 2B; Pharmacia) columns. 
The following columns and elution solutions 
were used: (1) a 2.5 X 32 cm column, elution 
with 0.154 mol/l] NaCl containing 1.26 mmol/1 
CaCl, buffered to pH 7.4 with 5 mmol/l 
HEPES, at a rate of 12.7 ml/h and with col- 
lection of fractions at 22 min intervals, and 
(2) a 2.2 x 104 cm column, elution with 0.5 
mol/] NaCl (other ingredients as above) at a 
rate of 11.7 ml/h and with collection of frac- 
tions at 30 min intervals. Hyaluronate, about 
5 mg, was applied to the columns in 1 ml of 
elution solution and the columns were eluted 
at room temperature using a peristaltic pump 
(10200 Perpex; LKB, Bromma, Sweden). The 
effluent was monitored at 280 nm (2089 Uvi- 
cord III; LKB) (W + W Recorder 600 Tarkan; 
W+W Electronics Inc., Basel, Switzerland), 
and the collected fractions tested for uronic 
acid by the carbazole reaction (Bitter & Muir 
1962). 

SDS-polyacrylamide gel electrophoresis of 
proteins. Hyaluronate was dissolved in 0.154 
mol/] NaCl to give about 5 g/l. The solution 
was centrifuged for 45 min at 60000 Xg, and 
digested for 48 h at 37°C with testicular hy- 
aluronidase (Type IV from bovine testes, lot 
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22C-2710; Sigma) which was added to an 
amount of 1/2 000 of the amount of hyaluron- 
ate. The electrophoresis and staining of the 
fractions were performed as described by 
Lehtinen et al. (1975). The size of the sample 
applied to cylindrical gels was 0.4 ml. A 
commercial preparation (Molecular Weight 
Marker for SDS Polyacrylamide Gel Electro- 
phoresis, M.W. Range 14300—71500; BDH 
Chemicals, Ltd., Poole, England) was used for 
the estimation of the molecular weights of 
the fractions. 


Chemical methods 


Hexosamine. Glycosaminoglycan samples 
were hydrolyzed in 4 mol/l HCl at 100°C for 
14 h. The hydrolysates were evaporated to 


dryness under reduced pressure at 45°C and 


Hexosamine was deter- 
mined according to the method of Elson & 
Morgan (1933). D-Glucosamine hydrochloride 
was used as standard. The glucosamine/ga- 
lactosamine ratio was determined with an 
amino acid analyser (constructed according 
to instructions of Spackman et al. 1958; for a 
detailed description see Pikkarainen 1968). 


dissolved in water. 


Uronic acid. Determination of uronic acid 
in glycosaminoglycan samples was performed 
according to the method of Blumenkranz & 
Asboe-Hansen (1973). D-Glucuronolactone 
was used as standard. 


Nitrogen. After Kjeldahl combustion of 
vlycosaminoglycan samples their nitrogen 
content was determined as described by Mi- 
nari & Zilversmit (1963). Ammonium sul- 
phate was used as standard. 
Deoxyribonucleic acid. DNA was extracted 
with perchloric acid consecutively at 70°C 
and 90°C as described by Rantanen (1973) and 
determined by the method of Burton (1956). 
DNA from herring sperm (L. Light & Co., 
Ltd., Poole, England) was used as standard. 


Absorption spectra. Glycosaminoglycans 
were dissolved in water and their absorption 
spectra were recorded with an ultraviolet 
spectrometer (SP 800 A; Unicam Instruments 
Ltd., Cambridge, England). 

The coefficients of variation of the used 
chemical methods are in the range of 2—4 /o. 


STATISTICAL METHODS 


Conventional statistical methods were used. 
Reproducibility of the measurements in in- 
corporation experiments was calculated from 
differences between triplicate samples in a 
number of experiments and are given in 
table 3B. These values were used to estimate 
the statistical significance of differences be- 
tween the means of experimental and control 
samples in each individual experiment ac- 
cording to Student’s t-test. 
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RESULTS 


ISOLATED EXPERIMENTAL 
GRANULATION TISSUE CELLS 


Yield of cells 


Starting from eight pooled granulomas the 
mean yield was 311 + 55 X 10 cells (+ S.D., 
n = 45). One or two incorporation experi- 
ments with eighteen individual samples were 
performed with each cell preparation. The 
cell preparations contained, as estimated by 
DNA determinations, about 10 °/o of the cells 
of the original granulomas. 


Incorporation of proline and sulphate 
by the cells 


The isolated cells incorporated actively *H- 
proline into collagen and non-collagenous 
proteins (Figure 4). The amount of labelled 
collagen in the medium increased linearly 
for at least 6 h indicating that the cells were 
capable of synthesizing and secreting collagen 
in vitro during this time. The slight non- 
linearity of the incorporation of *H-proline 
into non-collagenous proteins in the cells 
probably is an expression of the normal turn- 
over of these proteins and was not taken as 
an indication of a decrease in the viability of 
cells. 

The rate of incorporation of *H-proline into 
collagen and of *S-sulphate into proteogly- 
cans varied considerably from experiment to 
experiment (Table 3A). In addition to the 
variation in the absolute levels of radioactivi- 
ty the relative amounts of label in collagen 
and non-collagenous proteins also varied. 
This suggests that the variation is not ex- 
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Figure 4. Incorporation of *H-proline into collagen 
and non-collagenous proteins by isolated experi- 
mental granulation tissue cells 


Experimental conditions, with the exception of 
incubation times, were as given in table 3. Each 
point represents an individual sample. COLL = 
collagen, PROT = non-collagenous proteins, C = 
cells, M = medium. 


plainable by some differences in experimental 
conditions (in the cell isolation procedure or 
the incorporation conditions), but that differ- 
ent cell preparations had different properties. 
In an in vivo experiment with rat granulomas 
(Ivaska, unpublished results) the proportion 
of incorporated label found in collagen 3 h 
after intravenous injection of *H-proline was 
15.4—22.5 °/o (mean 19.20, n= 4). This is 
comparable to the values given in table 3A 
(note 1) for the isolated cells, and also indi- 
cates that considerable variation in the bio- 
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Table 3. Incorporation of *H-proline into collagen and non-collagenous proteins, and of *°S-sulphate 
into proteoglycans by isolated experimental granulation tissue cells: (A) variation from experiment 
to experiment and (B) reproducibility within experiments 


The cells were isolated from 17 (+ 1)-day granulomas. Incorporation of labelled precursors was mea- 
sured by incubating cells in suspension (3 X 109 cells/l) for 2 h at 37°C. For details see Materials and 
Methods. Results for (A) have been calculated from means of triplicates in each individual experiment 


and results for (B) from differences between the triplicates in each individual experiment. 


(A) 


Radioactivity (mean + S.D.) 


Incorporation into 


Total incorporation (cells + medium) 
dpm/10® cells 


Per cent released 
to the medium 


Collagen (n = 35) 
Non-collagenous proteins (n = 35) 
Proteoglycans (n = 12) 


21 060 
112 280 
16 880 


53.7 + 4.4 
2.2 
54.1 + 2.7 


Coefficient of variation (+ one S.D.) of radioactivity 2 


(B) 


9/9 


Incorporation into 


Cells + medium 


Per cent 


Medium released to the medium 


Collagen (n = 105) 5.8 


Non-collagenous proteins (n = 105) 


Proteoglycans (n = 36) 4.5 


5.0 
18.5 
5.0 


1 Represents 16.1 + 3.8°/o of the total incorporation of labelled proline. 

2 These coefficients of variation have been used to estimate statistical significance of differences be- 
tween experimental and control samples in subsequent experiments with various additions to the me- 
dium. Significance of differences is indicated in the tables by *, ** and *** (P < 0.05, 0.01 and 0.001, 


respectively). 


synthetic properties of cells exists between 


animals already in vivo. 

The within-experiment coefficients of vari- 
ation of the measured incorporations are 
given in table 3B and have been used to esti- 
mate the statistical significance of differences 
between control and experimental samples in 
The 
incorporation time of 2 h was chosen because 
in this time about half of the label incor- 
porated into collagen or proteoglycans was 
released to the medium (Table 3A), which 
seemed appropriate for secretion studies. 
Measurements on *H-proline 
into non-collagenous proteins in the medium 
were less reproducible than measurements 
on collagen and proteoglycans. The source of 
this variability was obviously in the separa- 
tion of cells and medium. Because of the 
large excess of non-collagenous radioactivity 
in the cells as compared to the medium (Ta- 


individual incorporation experiments. 


incorporation 
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ble 3A) even small inaccuracies in the separa- 
tion cause considerable variation in the mea- 
sured incorporations into the secreted non- 
collagenous proteins. The situation was even 
more critical if the incubation medium was 
highly viscous; in such cases, e.g. 5 g/l] hyal- 
uronate in the medium, apparent increases 
in the incorporations of up to 2—3-fold were 
observed (data not shown), and were first 
misinterpreted as increases in the secretion of 
non-collagenous proteins from the cells. For 
these reasons the viscous samples were di- 
luted before centrifugation (see Materials and 
Methods) and the results on the non-col- 
lagenous proteins are given for the combined 
cells and medium. 

Heterogeneity within a cell preparation. 
When one cell preparation was fractionated 
on the basis of adhesion to glass (see Mate- 
rials and Methods) cell populations, which 
were clearly different in the incorporation of 


= 
+ 76001 
+ 21 150 
+ 2250 
7.6 
3.6 19.3 
5.2 


Table 4. Incorporation of *H-proline into collagen and non-collagenous proteins by cell fractions 
obtained on the basis of differences in adhesion 


The cells were isolated from 17-day granulomas. Separation of the cells into fractions was accomplished 
by allowing the cells to adhere to a glass surface for 45 min at 37°C, after which non-adherent cells 
were recovered in the medium and adhered cells were harvested into fresh medium by mechanical 
scraping (all could not be recovered); for details see Materials and Methods. The number of cells in 
the original, unfractionated cell preparation and in the recovered fractions were counted, and the in- 
corporations by these cells were measured as given in table 3. Results for incorporations are means 
+ S.E. of three replicate samples. 


Cells Radioactivity 


Proportion in Cells + medium 
Description of unfractionated dpm/106 cells Per cent 
the fraction cell preparation incorporated into 


Non-collagenous collagen 
Collagen proteins 


Unfractionated cells 510 117770 + 2050 
Non-adherent cells : 540 43 040 + 
Adherent cells recovered 

by mechanical means “ 24590 + 1350 63 150 
Adherent cells not 

recovered 173 800 1 


1 Presented incorporations are calculated by assuming that the incorporation by the unfractionated 
cell preparation is a sum of those of its fractions. 


’H-proline into collagen and non-collagenous 
proteins, were obtained (Table 4). The cells 
which adhered to glass and were detached 


PROT, C+M 
by gentle mechanical scraping showed the 


WwW 
4 


highest activity of collagen synthesis, and 
thus can be tentatively considered fibroblasts. 
The adherent cells which were not recovered 
probably represented a mixture of fibroblasts 
and a population of cells not capable of syn- 
thesizing collagen (macrophages?). If con- 
tamination of this fraction by fibroblasts is 
taken into account it may be calculated that 
46 °/o of the cells of the unfractionated prepa- 
ration were fibroblasts and 34 °/o belonged to 
the population which did not synthesize col- 
lagen. The non-adherent cells, accounting 
for 20 °/o of the preparation, may have been 
damaged fibroblasts, another population of 


COLL, C+M 


N 


COLL, M 


DPM/10° CELLS 


CELLS/L x10" 


fibroblasts, or a mixture of these and some Figure 5. Effect of cell density on the incorpora- 
other cells. tion of *H-proline into collagen and non-collage- 
nous proteins 


e ity. i i 
Effect of cell density. The incorporation of Experimental conditions, with the exception of 


‘H-proline into proteins, especially into col- cell densities, were as given in table 3. Results 
lagen, decreased at increasing cell densities are means + S.E. of three replicate samples. COLL 
= collagen, PROT = non-collagenous proteins, 


(Figure 5). The reasons are not known, but ¢ + y = cells + medium, M = medium. 
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may relate to shortage of oxygen or some 
nutrient, or to interactions between the cells 
in dense suspensions. The highest incorpora- 
tions per cell were obtained at the cell density 
of 3 X 10° cells/1 which was used throughout 
the present investigation. Keeping the cells 
well suspended during the incubation was 
important. Without shaking the cells sedi- 
mented to the bottom of tubes giving incor- 
porations of *H-proline into collagen and 
non-collagenous proteins which were 13.9 °/o 
and 51.2°/o, respectively, of those measured 
in suspension. 

Effect of serum albumin. The used incuba- 
tion medium contained 2 g/l bovine serum 
albumin. One can predict that the added test 
substances (polysaccharides) increase the ef- 
fective concentration of albumin in the me- 
dium due to their exclusion effects. Thus it 
was important to find out whether serum 
albumin had any effect on the incorporation 
of *H-proline by these cells. The effect of 
bovine serum albumin was studied up to a 
concentration of 20 g/l and no statistically 
significant effects on the incorporations of 
’H-proline or on the release of radioactive 
collagen from the cells were found (data not 
shown). 


Growth of cells in culture 


The plating efficiency of the isolated cells, 
as estimated from the number of cells on the 
fourth day in culture, was about 50 °/o (Table 
5). This shows good viability of cells at the 
time they were used, and confirms in this 
respect the results of the incorporation ex- 
In an earlier investigation the 
viability of cells was tested also with trypan 
blue (Ivaska 1973) and over 90 °/o of the cells 
were found to exclude the dye. 


periments. 


Heterogeneity of the cell preparations was 
evident also from observations of the cultures. 
The cultures contained typical fibroblast-like 
cells, but in addition also cells with rounded 
or stellate configurations. These latter cells 
were present throughout the culture but be- 
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Table 5. Growth of cells in primary culture 
The cells were isolated from 17-day granulomas 
and 4 X 105 cells inoculated into culture dishes. 
For details of cell culture see Materials and Meth- 
ods. The cultures were harvested at 4-day-inter- 
vals and the number of cells counted. Results are 
means + S.E. of three replicate dishes. 


Number of 
cells/dish 
10-3 


Day of 
culture 


of inocu- 
lated cells 


| 


came obscured, presumably because they 
were non-dividing, in dense cultures by pro- 
liferating fibroblasts. These cells also were 
difficult to detach with trypsin, and thus 
were ultimately lost during subculturing of 
the cells. The number of these non-fibroblast 
cells in early cultures agreed, as estimated 
visually, with the number of non-collagen- 
synthesizing cells in the experiment with cells 
from a fractionated cell preparation. 


EFFECT OF GLYCOSAMINOGLYCANS ON 
THE INCORPORATION OF PROLINE AND 
SULPHATE BY THE CELLS 


Incorporation of *H-proline into collagen and 
non-collagenous proteins 


High concentrations of glycosaminoglycans in 
the medium, i.e. 1 or 5 g/l hyaluronate and 
25 g/l proteoglycan (or its chondroitin sul- 
phate chains), decreased the total incorpora- 
tion of *H-proline into collagen by the cells as 
well as the proportion of labelled collagen 
which was released to the medium (Table 
6). Relatively low concentrations of heparin 
effectively decreased the release of labelled 
collagen from the cells, but had no effect on 
the total incorporation of *H-proline into 
collagen; the effect was evident already at 
0.008 g/l heparin, was maximal at 0.04—0.2 g/l 
heparin, and decreased at higher concentra- 


4th 4 51 
8th 7 75 
12th 8 95 
16th 4790 5 120 


Table 6. Effect of glycosaminoglycans on the incorporation of *H-proline into collagen and non- 


collagenous proteins 


Experimental conditions were as given in table 3. Results are means of three replicate samples. 


Radioactivity 


Addition to 
the medium 


Non-collagenous 
Collagen proteins 


g/l Cells + medium M 


°/9 of control °/9 of control 


Per cent Cells + medium 
released to the °/o of control 
medium 


edium 


Experiment 1 


Hyaluronate 
69.3 *** 
84.8 * 
0.2—0.008 94.0—99.8 
None (= control) 100.0 


Experiment 2 


Proteoglycan 
25 58.7 *** 


5 87.8 
1—0.04 97.7—100.3 
None (= control) 100.0 
Experiment 3 
Chondroitin sulphate 
5 
1—0.04 
None (= control) 
Experiment 4 
Heparin 


None (= control) 


Experiment 5 
Heparin 

1 

0.2 

0.04 

0.008 

0.0016 
None (= control) 


24.6 *** 
75.0 ** 42.8 * 
$0.1—100.2 46.2—48.6 
100.0 48.3 


45.7 *** 
85.5 
101.4—104.2 
100.0 


35.6 *** 
29.6 *** 
30.5 *** 
51.5 
50.2 


tions (Table 6). The incorporation of label 
into non-collagenous proteins was not af- 
fected to the same degree or not affected at 
all (Table 6). This can be taken as evidence 
of specific effects on the synthesis and release 
of collagen, rather than decreased incorpora- 
tions due to decreased viability of cells or 
a decrease in the specific radioactivity of 
intracellular proline in glycosaminoglycan- 
containing samples. 

Thus at certain concentrations the gly- 
cosaminoglycans decreased the release of 


radioactive collagen from the cells. This effect 
was most obvious in the case of hyaluronate 
and heparin (Table 6; for more illustrative 
experiments with hyaluronate see table 8) 
where there was an accumulation of labelled 
collagen in the cells. The actions of 25 g/l 
proteoglycan or chondroitin sulphate did not 
cause a similar accumulation as these sub- 
stances also decreased the total incorporation 
of *H-proline into collagen considerably, in 
addition to having a significant effect on the 
release. The effect of hyaluronate on the 
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> 
92.1 * 
96.2—98.4 
100.0 
51.4 97.2 
53.6—56.4 99.3—101.6 
52.9 100.0 
59.2 *** 45.2 * 96.2 
96.7 53.5 97.9 
88.0—91.3 50.3—53.2 95.6—99.1 
100.0 52.9 100.0 
5 87.2 * 85.6 51.1 97.1 
93.8 56.2 *** 99.2 
100.0 100.0 52.1 100.0 
103.2 98.5 
101.2 96.4 
107.8 64.2 *** 96.0 
99.5 44%" $4.5 
103.2 106.5 92.8 
100.0 100.0 100.0 


Table 7. Effect of glycosaminoglycans on the incorporation of *°S-sulphate into proteoglycans 


Experimental conditions were as given in table 3. Results are means of three replicate samples. 


Addition to 


Radioactivity 


the medium 


Cells + medium 
g/l 


°/o of control 


Per cent 
released to the medium 


Medium 
°/o of control 


Experiment 1 
Hyaluronate 
5 125.7 *** 
0.2 
None (= control) 100.0 


Experiment 2 
Proteoglycan 
25 
5 
1—0.04 
None (= control) 


Experiment 3 
Chondroitin sulphate 

25 

1 
None (= control) 
Experiment 4 
Heparin 

5 


1 
None (= control) 


129.2 
124.7 *** 
100.0 


release of collagen from cells was confirmed 
also by incubating prelabeiled cells (cells in- 
cubated for 3 h in the presence of *H~proline) 


for 1 h in 5 g/l hyaluronate-containing me- 
dium from which the label had been omitted 
and to which 100 mg/l cycloheximide had 
been added. The amount of radioactive 
collagen released to the hyaluronate-con- 
taining medium was 63.1 °/o of that released 
to the control medium under similar condi- 
tions. 

The that the added gly- 
cosaminoglycans had caused a precipitation 


possibility 


of the secreted collagen (causing it to sedi- 
ment in centrifugation with the cells) was 
excluded by the following experiment. Media 
containing radioactive collagen (obtained by 
incubating cells for 2 h in the presence of 
%H-proline and removing the cells) were in- 
cubated for 2 h in the presence of effective 
concentrations of glycosaminoglycans. At the 
end of the incubation cells were added to 
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the media, the cells and the media separated 
by centrifugation, and the amount of radio- 
active collagen in the medium was measured. 
None of the glycosaminoglycan-containing 
samples were significantly different from 
the control samples, and the amount of radio- 
active collagen in them was 94.0—102.4 °/o of 
that in controls. 


Incorporation of *S-sulphate into 
proteoglycans 


The total incorporation of **S-sulphate into 
proteoglycans was somewhat increased by 0.2 
or 5 g/l hyaluronate in the medium and was 
slightly decreased by 25 g/l chondroitin sul- 
phate or 5 g/l heparin in the medium (Table 7). 
The proportion of labelled proteoglycans re- 
leased from the cells was slightly increased by 
1 or 25 g/1 chondroitin sulphate in the medium 
(Table 7). Thus the effect of glycosamino- 


55.0 
57.5 
53.3 
91.8 99.3 59.3 
105.1 112.4 * 58.3 
99.9—101.8 99.1-101.1 53.6—54.1 
100.0 100.0 54.5 
84.4 ** 98.9 63.9 ** 
107.6 123.5 *** 62.6 ** 
100.0 100.0 54.6 
89.0 * 89.1 * 57.6 
96.9 97.3 57.7 
100.0 100.0 375 
|_| 


Table 8. Effect of untreated hyaluronate and heat-treated hyaluronate on the incorporation of 3H- 
proline into collagen 


Experimental conditions were as given in table 3. For heat-treatment an aqueous solution of hyal- 
uronate was kept for 5 min in a boiling water bath. Results are means + S.D. and ranges (given in 
parentheses) from a number of independent experiments. 


Radioactivi 
Addition to adioactivity 


the medium Cells + medium Cells Medium 
°/9 of control °/o of control °/o of control 


Hyaluronate 5 g/1 85.0+9.7 91.3+9.7 79.9410.8 
(n = 8) (66.6—94.7) (73.9—105.9) (59.8—89.8) 1 
Heat-treated 85.9+10.4 129.6£18.8 48.2+7.3 


hyaluronate 5 g/1 (69.3—99.2) (101.3—157.5) (35.1—59.0) ? 
(n = 8) 


1 A statistically significant difference between experimental and control samples was obtained in four 
out of eight independent experiments. 

2 A statistically significant difference between experimental and control samples was obtained in all 
eight independent experiments. 


Table 9. Effect of differently treated hyaluronates on the incorporation of *H-proline into collagen 


Aqueous solutions of hyaluronate were treated for 1 h at 37°C with one of the following enzymes 
(amounts are given as mass ratios of enzyme to hyaluronate): 1/10 of hyaluronidase (Type IV from 
bovine testes, Sigma), 1/3000 of trypsin (Type III from bovine pancreas, Sigma), and 1/1000 of papain 
(Papain wasserléslich, Merck). The amounts of trypsin and papain corresponded to the measured 
proteolytic activity (Azocoll, Calbiochem) in the hyaluronidase preparation, and their effects were 
studied in order to exclude the possibility that the effect of hyaluronidase had been due to the 
proteases it contained as impurities. During treatment with hyaluronidase the hyaluronate solution 
lost completely its viscous nature; other treatments did not have such effect. After digestion all 
solutions and their control solutions (containing enzymes but not hyaluronate) were heated for 10 min 
in a boiling water bath. A non-heated hyaluronate sample was also included. Experimental condi- 
tions were as given in table 3. Results are means of three replicate samples. 


Radioactivity 


Addition to 
the medium Cells + medium Medium 
°/o of control °/o of control 


Per cent 
released to the 
medium 


Experiment 1 
Hyaluronate 5 g/1 
not heated 84.9 


heated but not treated 
with hyaluronidase I 47.6 *** 
heated and treated 
with hyaluronidase 88.9 
Hyaluronidase (heated) 87.1 
None (= control) 100.0 
Experiment 2 
Hyaluronate 5 g/l 
heated 56.0 *** 36.3 


heated and treated 

heated and treated 

with papain 41.5 *** 
Trypsin (heated) 100.9 51.6 ** 
Papain (heated) 92.3 56.1 ** 
None (= control) 100.0 59.8 


50.9 
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glycans on the synthesis and release of pro- 
teoglycans was less than, and different from, 
the effect on collagen. This further points to 
the specificity of the changes found in the 
incorporation of *H-proline into collagen. 


Effect of heat-treatment of the 
hyaluronate preparation 


The first experiments in which the effect of 
hyaluronate was studied gave highly variable 
results; in some experiments a decrease in the 
collagen release from cells was observed 
but not in others. During this work, however, 
it was found that the hyaluronate strongly 
and consistently decreased the release of 
radioactive collagen from the cells if it was 
first heated for 5 min at 100°C (Tables 8 and 
9). The effect was due to macromolecular 
hyaluronate, as shown by the fact that the 
effect was abolished by treating the prepara- 
tion with hyaluronidase (Table 9). 


A few were 
made to find the most effective way of 
treating the hyaluronate preparation (data 
not shown). Heating for 5 or 10 min gave 
a hyaluronate with full effect and the effect 
remained the same or tended to decrease 
slightly if the treatment was extended to 20 
or 40 min. Keeping the hyaluronate solutions 
at room temperature or at 37°C for 16 h 
(instead of the usual 4°C in order to improve 
solution) gave no change, and keeping the 
solution for 30 min at 60°C gave only partial 
change. Heat-treatment of the proteoglycan 
preparation did not alter its actions on the 
release of collagen, and thus the treatment 


incorporation experiments 


does not seem to affect glycosaminoglycans 
in general but specifically the hyaluronate 
(or the used hyaluronate preparation). 


All 
aluronate, if not otherwise mentioned, were 
performed with heat-treated preparations. 


incorporation experiments with hy- 


Effect of heat-treatment on the hyaluron- 
ate. Heating had no effect on the macro- 
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Figure 6. Elution of unheated and heated hyal- 
uronate in gel filtration 


About 5 mg of hyaluronate was chromatographed 
on a 2.5 X 32 cm Sepharose 2B column. 1 = void 
volume as measured with fixed erythrocytes, 2 = 
elution volume of bovine serum albumin, 3 = total 
volume as measured with D-glucuronolactone. 


molecular properties of the hyaluronate as 
tested by viscosity measurements (data not 
measurements of optical rotation 
(data not shown) or gel filtration chromatog- 
raphy on Sepharose 2B columns (Figure 6; 
the result was the same also with a 104-cm 
column). The hyaluronate in the preparation 
had a molecular weight of 866000, calculated 
from the viscosity (Laurent et al. 1960). The 
only observed difference between the heated 
and unheated hyaluronate preparations was 
that in the elution patterns of their proteins 
during gel filtration chromatography; much 
of the protein in the unheated preparation 
eluted along with the hyaluronate, whereas 
in the heated preparation it eluted in a posi- 


shown), 
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Figure 7. Gel electrophoretic analysis of proteins 
in the hyaluronate preparation 


HA = 2 mg of hyaluronate digested with hyal- 
uronidase, BL = blank (hyaluronidase only), ST = 
molecular weight standard (0 = start, 1 = 14300, 
2 = 28600, 3 = 42900, 4 = 57200, 5 = 71500). 


tion somewhat in front of that of serum 
albumin (Figure 6), indicating that it was not 
anymore associated with the polysaccharide 
portion of the hyaluronate. Gel electro- 
phoretic analysis of proteins in the hyaluron- 
ate preparation revealed one major frac- 
tion with a molecular weight of approxi- 
mately 74000 and at least two minor ones 
with molecular weights of approximately 
66000 and 98000 (Figure 7). Based on molec- 
ular weights and the relative proportions of 
the fractions it seems that in the unheated 
preparation the protein with the molecular 
weight of 74000 occurred combined to the 
polysaccharide, and heating caused its dis- 
sociation. 


MECHANISMS OF GLYCOSAMINO- 
GLYCAN ACTION ON THE 
RELEASE OF COLLAGEN 

FROM THE CELLS 


Effect of dextran and dextran sulphate 


The effects of dextran and dextran sulphate 
(used as representatives of uncharged and 
highly charged polysaccharides, respectively) 
on the incorporation of *H-proline into col- 
lagen and of *S-sulphate into proteoglycans 
by the cells were studied. High concentra- 
tions, 25 g/l, of dextran or dextran sulphate 
in the medium decreased the release of 
labelled collagen from the cells (Table 10). 
In addition relatively low concentrations of 
dextran sulphate caused a decrease in the 
release of collagen; the effect was evident at 
a concentration of 0.0016 g/l, was maximal at 
0.008 g/l, and decreased at higher concentra- 
tions (Table 10). The dextran and dextran 
sulphate had no effect on the incorporation 
of *H-proline into non-collagenous proteins 
(data not show) and the dextran had only a 
slight effect on the release of proteoglycans 
from the cells (Table 11). 

The results of these incorporation experi- 
ments were similar to those found in previous 
experiments with glycosaminoglycans. This 
led to the conclusion that the effects of high 
concentrations of hyaluronate, proteoglycan 
or chondroitin sulphate, are caused by their 
general polymer properties and those of rel- 
atively low concentrations of heparin are 
caused by its polyanion properties. In 
further experiments the effects of 5 g/l hy- 
aluronate (a high concentration of a flexible 
polymer) and of 0.008 g/l dextran sulphate 
(a relatively low concentration of a highly 
charged and flexible polyanion) were taken 
as representatives of these two kinds of ac- 
tions. 


Effects on cells from granulomas 
of different ages 


If the observed effects on the release of ccl- 
lagen from the cells were due to the general 
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Table 10. Effect of dextran and dextran sulphate on the incorporation of *H-proline into collagen 


Experimental conditions were as given in table 3. Results are means of three replicate samples. 


Addition to Radioactivity 
the medium 
g/l 


Cells + medium Medium Per cent 
°/o of control °/o of control released to the medium 


Experiment 1 
Dextran (M.W. 5 X 105) 
25 


5 
1—0.04 
None (= control) 


Experiment 2 
Dextran (M.W. 2 
25 44.6 *** 
5 59.0 
None (= control) 56.6 


Experiment 3 


Dextran sulphate 
(M.W. 5 X 105) 
25 
5 
1 
0.2 46.9 *** 
0.04 31.4 *** 
None (= control) 100.0 


Experiment 4 


Dextran sulphate 
(M.W. 5 X 105) 
0.2 
0.04 
0.008 
0.0016 
0.00032 
None (= control) 


Table 11. Effect of dextran and dextran sulphate on the incorporation of *°S-sulphate into proteo- 
glycans 


Experimental conditions were as given in table 3. Results are means of three replicate samples. 


Addition to Radioactivity 


the medium Cells + medium Medium Per cent 
8/1 °/o of control °/o of control released to the medium 


Experiment 1 
Dextran (M.W. 5 » 105) 
25 
5—0.04 
None (= control) 
Experiment 2 


Dextran sulphate 
(M.W. 5 105) 
25 71.1 *** 70.9 *** 
5—0.04 97.3—104.2 101.0—103.9 
None (= control) 100.0 100.0 
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87.1 * 65.9 *** 42.3 
96.9 96.6 55.9 
95.1—100.1 95.1—99.9 55.6—55.9 
100.0 100.0 56.0 
38.9 *** 
42.0 ** 
32.7 
29.7 
18.1 *** 
48.9 
92.9 43.3 *** 20.9 
91.4 21.2 *** 10.5 *** 
103.0 15.0 *** 6.6 *** 
99.0 52.7 *** 23.8 *** 
97.9 102.9 47.2 
100.0 100.0 44.8 
93.0 82.6 ** 49.0 * 
93.6—100.3 93.8—-100.6 55.2—55.4 
100.0 100.0 55.2 
51.6 
53.3—55.5 
53.4 
|_| 


Table 12. Effect of hyaluronate and dextran sulphate on the incorporation of *H-proline into collagen 


by cells from 10- and 25-day granulomas 


Experimental conditions, with the exception of origin of cells, were as given in table 3. Results are 


means of three replicate samples. 


Addition to 
the medium Cells + medium 


of control 


Radioactivity 


Medium 
of control 


Per cent 
released to the medium 


Cells from 10-day 
granulomas 


Hyaluronate 5 g/1 
Dextran sulphate 0.008 g/1 
None (= control) 

Cells from 25-day 
granulomas 

Hyaluronate 5 g/1 
Dextran sulphate 0.008 g/l 
None (= control) 


66.8 *** 
91.9 
100.0 


26.9 *** 
55.3 


38.4 *** 
43.9 *** 
100.0 


37.2 
56.7 


polymer and polyanion properties of the 
tested substances, and not due to cell-specific 
(or developmental stage-specific), receptor- 
mediated interactions, such actions should be 
independent of the origin of cells. The effects 
of 5 g/l hyaluronate and of 0.008 g/l dextran 
sulphate on cells from 10- or 25-day gran- 
ulomas were similar to those on cells from 
17 (+1)-day granulomas (Table 12). These 
results are consistent with the view that the 
observed actions on the cells were of a 
general nature and caused by general polymer 
and polyanion properties of the tested sub- 
stances. 


Reversibility of the effects 


The reversibility of the interaction between 
cells and added hyaluronate or dextran 
sulphate was studied for better understanding 
of the reaction. The cells were first incuk-ted 
for 2 h in the presence of 5 g/l hyaluronate 
or 0.008 g/l dextran sulphate and then for 
another 2 h in the absence of these substances, 
and the 3H-proline into 
collagen by these cells was compared to 
that by cells incubated in control medium 
for both periods. The effect of hyaluronate 


incorporation of 


on the release of labelled collagen from the 
cells was completely reversed by transferring 
the cells to control medium (Table 13), 
showing that the action of hyaluronate does 
not require the internalization of hyaluronate 
or the formation of a stable complex between 
hyaluronate molecules and the cell surface. 
The effect of dextran sulphate was only 
partially or more slowly reversed (Table 13), 
indicating that the interaction between it and 
the cells is more stable. 


Effects on enzyme-treated cells 


The effect of 5 g/l hyaluronate on the release 
of collagen from the cells was similar whether 
the cells were used immediately after their 
isolation or after 4 h (the cells were normally 
used after 4 h) (Table 14). Because of the 
trypsin and hyaluronidase used in the isola- 
tion procedure the former cells must have 
been devoid of much of their surface com- 
ponents and there was no time for their re- 
synthesis. These results indicate that if an 
interaction between the cell surface and 
hyaluronate is supposed, those cell surface 
components that are trypsin-sensitive or 
hyaluronidase-sensitive do not need to remain 
intact for this interaction to occur. 


— 
77.7 37.9 *** 
95.9 
100.0 100.0 
33 
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Table 13. Reversibility of the effects of hyaluronate and dextran sulphate on the incorporation of 
3H-proline into collagen 


The celis were incubated for 2 h in control or hyaluronate- or dextran sulphate-containing media; 
thereafter the cells of all samples were transferred to fresh control media and incubated for another 
2 h. Experimental conditions were otherwise as given in table 3. Results are means + S.E. of three 
replicate samples. 


Radioactivity 


Sample Medium 


of control 


Medium 
dpm/108 cells 


1st incubation period h) 
Hyaluronate 5 g/1 

Dextran sulphate 0.008 g/1 
Control (no addition) 

2nd incubation period (2—4 h) 
(all samples in fresh 

control medium) 


Hyaluronate 5 g/1 
Dextran sulphate 0.008 g/1 
Control 


Table 14. Effect of hyaluronate on the incorporation of *H-proline into collagen by cells immediately 
after their release from granulomas and after a 4-h incubation of the cells (the usual practice in the 
present investigation) 


Experimental conditions, with the exception of time point, were as given in table 3. Results are means 
of three replicate samples. 


Radioactivity 
Addition to 
the medium 


Per cent 
relased to the medium 


Medium 
°/o of control 


Cells + medium 
°/o of control 


Cells immediately after isolation 
Hyaluronate 5 g/1 
None (= control) 


31.0 *** 
52.9 
Cells 4 h after isolation 
Hyaluronaie 5 g/1 
None (= control) 


55.5 


Effects as function of incorporation time 


In order to examine the long-term effects of 
5 g/l hyaluronate or 0.008 g/l dextran sulphate 
on the release of collagen from the cells and 
the metabolism of collagen the effects of 
these substances on the incorporation of *H- 
proline into collagen were measured for up 
to 6 h. Labelled collagen was released to 
hyaluronate- or dextran sulphate-containing 
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media at a reduced rate throughout the whole 
incorporation period (Figure 8). In the first 


phase the total incorporation of *H-proline 


into collagen remained unchanged and la- 
belled collagen accumulated in the cells, but 
after 4 h the rate of incorporation levelled 
off, indicating that the accumulation of col- 
lagen in the cells causes a change in the 
metabolism, preventing further accumulation, 


3970 + 60 51.6 
1750 + 50 22.8 
7690 + 120 100.0 
14130 + 450 103.6 
13 650 + 290 100.0 


DPM/10® CELLS 


HOURS 


Figure 8. Effect of hyaluronate and dextran sulphate on the incorporation of *H-proline into collagen 
as a function of time 


Experimental conditions, with the exception of incubation times, were as given in table 3. Each 
point represents an individual sample. C = control (no addition to the medium), HA = 5 g/1 hyaluron- 
ate, DXS = 0.008 g/l dextran sulphate, C + M = cells + medium, C = cells, M = medium. 


C HA DXS 
C+M / C+M C+M 
Vv 
M 6 
2 C 
V 
1 : 
3 
0 2 4 6 0 2 4 6 0 2 4 6 
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DISCUSSION 


EXPERIMENTAL CONDITIONS 


Cells 


The formation of the experimental granuloma 
that was used in the present investigation 
has been well characterized with respect to 
collagen (Viljanto 1964, Lampiaho & Kulonen 
1967, Ahonen 1968, Aalto et al. 1973) and 
glycosaminoglycans (Lehtonen 1968). Most of 
the experiments were performed with cells 
derived from 17 (1+1)-day granulomas, at 
which time the cells are effectively synthe- 
sizing collagen and depositing it in the extra- 
cellular space. The granuloma tissue can be 
produced in large amounts making it easy 
to obtain large numbers of cells. 
Experimental granulomas contain poly- 
morphonuclear leukocytes, lymphocytes, fi- 
broblasts, macrophages and epithelioid cells, 
and endothelial cells (Paulini et al. 1974, 
Wiener et al. 1975). The procedure used for 
the isolation of cells involved washing of the 
sliced granulomas as the first step (Figure 1). 
About 20 °/o of the DNA in the granulomas 
and obviously most of the inflammatory cells, 
which are loosely adhered to the granuloma 
tissue (Pallin et al. 1975), were removed at 
this stage. The cell preparations contained 
fibroblasts but were heterogeneous as judged 
from their ability to adhere to glass and to 
incorporate *H-proline into collagen (Table 4) 
and from the morphological appearance of 
the cells in culture. Some of the cultured 
cells were rounded or stellate shaped, could 
not be detached from the culture surface by 
trypsin treatment and probably were also 


non-dividing. All these are characteristics re- 
ported for macrophages in culture (Gordon & 
Cohn 1973). From the observation of cultures 
and the fractionation of cells on the basis of 
adhesion it was estimated that about one 
third of the cells may not have been fi- 
broblasts. This is in agreement with the 
values reported for cells isolated from poly- 
vinyl sponge granulomas in the mouse, where 
40—45 °/o of the cells liberated from 2-week- 
old tissue were macrophages by morpho- 
logical criteria (Kruse et al. 1978). However, 
much lower proportions of macrophages, less 
than 4 °/o, have been reported in histological 
studies on granulomas (Paulini et al. 1974, 
Pallin et al. 1975, Wiener et al. 1975). The 
reasons for the discrepancy are not evident 
but may relate to difficulties in identifying 
macrophages in histological preparations and 
cell suspensions. 

The main interest of the present investiga- 
tion was in the synthetic functions of the 
fibroblasts. Isolation of pure fibroblasts was 
not atter ted as it would have lengthened 
the procedure and because a heterogeneous 
cell preparation was considered acceptable for 
screening purposes. The measured functions, 
the synthesis of collagen and proteoglycans 
and their secretion into the extracellular 
space, may be regarded as specific for the 
fibroblasts in cell preparations isolated from 
granulomas. Furthermore, the heterogeneity 
of the cells may even be an advantage since 
intercellular interactions between e.g. fi- 
broblasts and macrophages are possible in 
such preparations, and may be needed for the 
expression of some effects. The cell prepara- 
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tions were always heterogeneous to about the 
same degree, as judged from the appearance 
of cells in culture. 


Use of freshly isolated cells 


The present investigation was performed 
with suspensions of freshly isolated cells 
rather than with tissue slices or cell cultures. 
In cell suspensions the secretion of matrix 
components is easier to study as the cells 
can be separated from their environment 
simply by centrifugation. In cell cultures, 
and more so in tissue slices, the secreted 
material is partly deposited around the cells 
and cannot be recovered in the medium. Also 
the matrix deposited in cell cultures or 
present in tissue slices may hinder macro- 
molecular substances from reaching the cell 
surface to exert their effects (Wiebkin & Muir 
1977), or the matrix itself may exert a maxi- 
mal effect on the cells so that the effect of ex- 
ogenously added glycosaminoglycans cannot 
be seen. 

The use of suspensions of freshly isolated 
cells is limited by the viability of cells under 
such conditions. In the present investigation 
the viability of cells, as judged from the in- 
corporation of *H-proline into proteins (Fig- 
ure 4), was good for at least 6 h which was 
the maximal duration of the experiments. 
The time dependence of the incorporation of 
3H-proline into collagen by the cells re- 
sembled that in isolated chick embryo tendon 
fibroblasts, which have been successfully used 
for studies on the secretion of collagen 
(Dehm & Prockop 1971, 1972, Kao et al. 1977). 

Freshly isolated cells lack the intercellular 
connections typical for the tissue and have 
lost surface components due to the enzymes 
used for the isolation. 
a partial resynthesis of 
nents, the cells used only after 
4 h (Figure 1). The significance of this 
step was studied in one instance, when the 
effect of 5 g/l hyaluronate on the cells was 
tested. No major difference was found in the 


To ensure at least 
surface compo- 
were 


responses of the cells immediately after their 
isolation and 4 h later (Table 14). 


Choice of tested glycosaminoglycans 


The tested glycosaminoglycans were hyal- 
uronate, chondroitin sulphate-containing pro- 
teoglycan, and heparin. The accumulations 
of hyaluronate and proteoglycan have been 
related to the early proliferative and the 
more differentiated phase of the connective 
tissue reaction, respectively (see Review of 
the Literature). In this context also heparin 
is interesting as heparin-containing mast cells 
are distributed throughout the connective 
tissue and they have been proposed to play a 
role in reparative processes (Asboe-Hansen 
1973). 

The tissues for the isolation of hyaluronate 
and proteoglycan were chosen merely on the 
basis of availability and glycosaminoglycan 
content. Heparin was obtained from a com- 
mercial source. Species and tissue speci- 
ficities were not taken into account. This has 
been the common practice in this kind of 
investigations, but eg. hyaluronates and 
proteoglycans have had similar effects re- 
gardless of their origin (Toole et al. 1972, 
Kosher et al. 1973). In the case of heparin 
the source may be of importance because of 
structural variations, and different heparins 
have been shown to act differently on the 
cells (Lippman & Mathews 1977). 


Duration of glycosaminoglycan 
exposure of cells 


Usually the cells were incubated with the 
radioactive precursors and_ glycosamino- 
glycans for 2 h. This was enough to measure 
reliably the synthetic and secretory processes 
of the cells (Table 3) and also ensured good 
viability of the cells during the experiments. 
In suspensions of chondrocytes the effects of 
added glycosaminoglycans can be seen al- 
ready within 2 h (Nevo & Dorfman 1972, 
Wiebkin & Muir 1973). However, there may 
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be effects of glycosaminoglycans which re- 
quire longer time for their expression and 
thus would not have been seen in the present 
investigation. 


EFFECT OF HYALURONATE AND 
PROTEOGLYCANS ON THE SYNTHESIS 
OF COLLAGEN AND PROTEOGLYCANS 


in the present investigation high concentra- 
tions of hyaluronate or proteoglycan in the 
medium decreased the proportion of synthe- 
sized collagen released to the medium as mea- 
sured by the incorporation of *H-proline 
(Table 6); the lowest effective concentration 
of hyaluronate was about 1 g/l and that of 
proteoglycan somewhere between 5 and 25 
g/l. These results indicate a reduced rate of 
collagen secretion which has been shown to 
follow first order kinetics (Kao et al. 1977). 
The effect of hyaluronate on the secretion 
was confirmed also by following the release 
of radioactive collagen from prelabelled cells. 
Some decrease was observed also in the total 
incorporation of *H-proline into collagen. The 
mechanism by which high concentrations of 
extracellular glycosaminoglycans could bring 


about a decrease in the secretion of collagen 
and the possibility that this action could 
control the production of extracellular col- 


lagen in vivo will be discussed later. 

The synthesis pro- 
teoglycans, as measured by the incorporation 
of *S-sulphate sulphate 
chains, were only slightly affected by added 
hyaluronate or proteoglycan (Table 7). Hyal- 


and secretion of 


into chondroitin 


uronate somewhat increased the total incor- 
poration of label and 
chondroitin sulphate slightly increased the 
release of label to the medium. 


into proteoglycans, 


Comparison with effects reported 
by other investigators 


Studies on the effects of exogenously added 
glycosaminoglycans or of glycosaminoglycan- 
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removing enzymes on the production of 
matrix components in cell and tissue cultures 
have been done mostly with embryonic tis- 
sues. The synthesis of collagen in embryonic 
chick chondrocytes is not affected by 0.2 g/l 
hyaluronate or sulphated glycosaminoglycans 
(Nevo & Dorfman 1972, Solursh et al. 1974) 
but is inhibited by 10 g/l proteoglycan (Hand- 
ley et al. 1978); embryonic chick corneal 
epithelium also is not affected by lower con- 
centrations of glycosaminoglycans (Meier & 
Hay 1974a). The synthesis of proteoglycans 
in embryonic chick chondrocytes is inhibited 
by 0.02—0.5 g/l hyaluronate (Solursh et al. 
1974, Handley & Lowther 1976) and that in 
adult pig chondrocytes by less than 0.001 
g/l hyaluronate (Wiebkin & Muir 1973, 1977). 
However, the synthesis of proteoglycans is 
not affected by hyaluronate in embryonic 
chick corneal epithelium (Meier & Hay 1974a), 
embryonic chick muscle fibroblasts (Angello 
& Hauschka 1980) and adult human dermal 
or synovial fibroblasts (Wiebkin & Muir 1973). 
The synthesis of proteoglycans on the other 
hand is stimulated by 0.05—2 g/l proteoglycan 
or sulphated glycosaminoglycans in chick 
embryo somites (Kosher et al. 1973), em- 
bryonic chick chondrocytes (Nevo & Dorfman 
1972, Huang 1974, Schwartz & Dorfman 
1975a) and embryonic chick corneal epithe- 
lium (Meier & Hay 1974a), but is unaffected 
in adult pig chondrocytes (Wiebkin & Muir 
1973). High, 10 g/l, concentrations of pro- 
teoglycan inhibit also the synthesis of pro- 
teoglycans in embryonic chick chondrocytes 
(Handley & Lowther 1977, Handley et al. 
1978). Enzymatic removal of proteoglycans 
from cultures of embryonic chick chondro- 
cytes or cartilage rudiments has yielded re- 
sults which are consistent with theories of 
both positive (Huang 1974) and negative 
(Bosmann 1968, Fitton Jackson 1970, Harding- 
ham et al. 1972) feedback control mechanisms 
of proteoglycan synthesis by extracellular 
proteoglycans themselves. 

It appears that depending on the concen- 
tration, and especially the type, an extra- 


cellular glycosaminoglycan can exert dif- 
ferent effects on the cells. The effects vary 
also with the type of cell. A generalization 
of the effects found in one experimental con- 
dition seems not to be warranted. The re- 
sults of the present investigation, for example, 
were similar to those obtained with em- 
bryonic chondrocytes with respect to effects 
on the synthesis of collagen, but quite dif- 
ferent with respect to effects on the synthesis 
of proteoglycans. 


Mechanism of glycosaminoglycan action on 
collagen secretion 


The decrease in collagen secretion by 
hyaluronate and proteoglycan (or its chon- 
droitin sulphate chains) in the present in- 
vestigation seems to have been a general 
polymer effect of these substances, as also 
uncharged dextran had a similar effect (Table 
10). 

Defective hydroxylation of collagen has 
been shown to cause a delay in its secretion 
from cells (Kao et al. 1979). This, however, 
seems to be an unlikely mechanism in the 
present case because in many experiments 
with hyaluronate or dextran hydroxyproline 
formation was only marginally or not at all 
decreased while a definitive decrease in col- 
lagen secretion was observed (Tables 8 and 
10). Furthermore, in experiments with pre- 
labelled cells addition of hyaluronate to the 
medium reduced the secretion of preformed 
intracellular collagen. 

Because of the heterogeneity of cell prep- 
arations the possibility that macrophages 
were involved in the observed effects should 
be considered. It is conceivable that macro- 
phages e.g. take up polymers and in response 
release some collagen synthesis-influencing 
factors. However, it is improbable that 
macrophage-derived factors were involved in 
the observed decrease of collagen secretion, 
in view of the following circumstantial evi- 
dence. Macrophage-derived factors have been 
reported to stimulate the synthesis of collagen 


by granulation tissue fibroblasts (Aalto et al. 
1976) but in the present investigation an in- 
hibition was obtained; polymer concentrations 
that induce pinocytosis in macrophages 
(Gordon & Cohn 1973) differ from the con- 
centrations found effective in the present in- 
vestigation; and, there is no indication so far 
that macrophage-derived faciors could specifi- 
cally affect the secretion of collagen. 

It is likely that the polysaccharides added 
to the medium influenced the secretion of 
collagen by a direct effect on the fibroblasts. 
This action does not seem to require the 
internalization of polysaccharide as the effect 
of hyaluronate was completely abolished 
when the cells were transferred back to con- 
trol medium from a hyaluronate-containing 
medium (Table 13). The polymer effect in- 
volved in the action is clearly not an in- 
crease in the colloid osmotic pressure of 
the medium; the cells seemed to be quite 
unresponsive to and ad- 
dition of serum albumin at concentrations 
up to 20 g/l had no effect on the synthesis or 
secretion of collagen. In concentrated solu- 


such increases 


tions glycosaminoglycans and dextrans form 
entangled networks of polymer chains. To 
explain the results of the present investiga- 
tion it is proposed that the decrease in col- 


lagen secretion may result from an inter- 
action between such a polymer network and 
the cell surface. The proposal of an involve- 
ment of the network is based on the fol- 
lowing: firstly, it explains why the effects 
were observed at high concentrations of poly- 
saccharide and why the various polysaccha- 
rides had a similar effect, secondly, it ex- 
plains the difference between the lowest ef- 
fective concentrations of hyaluronate and 
proteoglycan, which begin to entangle at 
concentrations of 1 g/l and 10 g/I, respectively, 
and thirdly, it is consistent with the fact that 
the action of hyaluronate was completely 
reversible when the cells were changed back 
to a control medium. 

The main route by which collagen is trans- 
ferred from the cell to the extracellular space 
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is through the Golgi complex (Olsen & 
Prockop 1974, Weinstock & Leblond 1974, 
Ehrlich et al. 1974). Collagen-containing 
secretory vacuoles are formed from the Golgi 
complex and transported to the plasma mem- 
brane where their contents are extruded by 
the mechanism of exocytosis. The fusion of a 
ecretory vacuole with the plasma membrane 
must involve rearrangements and _ lateral 
movements of the membrane components. It 
may be anticipated that restriction of those 
movements will result in a decreased rate of 
collagen release. Suppression of the lateral 
movements of the cell membrane proteins has 
been reported to inhibit cell membrane 
fusions and the question has been raised 
whether secretory processes of the cell also 
could be affected by this mechanism (Volsky 
& Loyter 1978). Figure 9A depicts a hypo- 


Figure 9. 


thetical model of how an _ extracellular 
polymer network could restrict the movement 
of the cell membrane components. According 
to the model molecular chains projecting 
from the cell surface to the exterior (the 
oligosaccharide parts of glycoproteins and 
glycolipids and the polysaccharide parts of 
proteoglycans etc.) entangle with the network 
and thus their lateral movements in the cell 
membrane are strongly restricted. It is not 
known why no change in the secretion of 
proteoglycans was seen in the present in- 
vestigation (Table 7), although the mechanism 
is similar to that of collagen secretion (God- 
man & Lane 1964). This may relate to the size 
of the secretory vacuoles or vesicles (col- 
lagen has been found to be present only in 
the largest ones; Olsen & Prockop 1974), or to 
the exchange of cell surface-associated pro- 


Hypothetical models for the interaction between extracellular glycosaminoglycans and the 


cell surface, resulting in a decreased motility of the cell membrane components and a decreased 


secretion of collagen from the cells 


These drawings are simplified sketches and only those aspects that are 


operation of the models are indicated. 


important for the 


A. Interaction between the cell surface (to the left) and an extracellular hyaluronate or proteo- 


glycan network (to the right). Oligo- and polysaccharide chains projecting from the cell surface 
entangle with the extracellular network, resulting in a restriction of lateral movements in the cell 
membrane. 

B. Interaction between the cell surface and extracellular heparin. Negative charges of the 
highly charged heparin bind to positively charged sites in the cell surface and interconnect them, 
resulting in a restriction of lateral movements in the cell membrane. Fibroblast surfaces have been 
shown to contain an antithrombin-like protein (Baker et al. 1980), which could be the supposed 
heparin-binding site. 

C. Interaction between the cell surface and extracellular heparin. An alternative model, in 
which divalent cations (e.g. Ca++) are supposed to mediate in the binding of heparin to negatively 
charged groups on the cell surface. 

As a result of the restriction of the lateral movements of the cell membrane (presented in 
A—C) the rate of fusion of secretory vacuoles with the cell membrane is decreased and in this way 
also the rate of collagen secretion from the cell. 

D. This picture offers an explanation for the fact that the effect of heparin on collagen secretion 
is lost at higher concentrations of heparin: every heparin-binding site binds a separate heparin 
molecule and interconnections do not take place anymore. 
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teoglycans with added glycosaminoglycans 
(Kresse et al. 1975, Angello & Hauschka 1980). 


When the secretion of collagen from the cell 
is hindered some control mechanism which 
prevents excessive intracellular accumulation 
of collagen and its disturbing effects on the 
The 
mechanism could be the inhibition of col- 
lagen synthesis, degradation of the intracel- 
lular collagen, or both. That this takes place 
was evident also in the present investigation 
which showed that the total incorporation of 
3H-proline into collagen levels off in 4—6 h if 
the secretion is prevented by extracellularly 
added polysaccharides (Figure 8). Part of 
the newly synthesized collagen has been 
shown to be degraded intracellularly within 
minutes after its synthesis (Bienkowski et al. 


cellular functions must become active. 


1978), and the aminoterminal extension pep- 
tides of procollagen have been found to in- 
hibit the cell-free synthesis of procollagen 
(Paglia et al. 1979). It is tempting to think 
that the synthesis of procollagen could be 
regulated by its secretion via such inhibitory 
peptides arising from intracellular degrada- 
tion of procollagen. 


Relationship between collagen and 
proteoglycan metabolism 


The mechanical functions of connective tis- 
sues depend, among other things, on their 


relative content of collagen and proteoglycans 


and thus the syntheses of these connective 
tissue components must be somehow inter- 
related. It has been repeatedly demonstrated 
that the syntheses of collagen and proteo- 
glycans are not interconnected, and that one 
can be changed without effect of the other 
(Bhatnagar & Prockop 1966, Nevo & Dorf- 
man 1972, Huang 1974, Meier & Hay 1974a, 
Dondi & Muir 1976), but it is also easy to find 
studies with contrary results (Levenson 1970, 
Lavietes 1971, Nevo et al. 1972, Meier & Hay 
1974b, Schwartz & Dorfman 1975b, 1975c, 
Lohmander et al. 1976, Handley et al. 1978). 


Even if the metabolisms of collagen and pro- 
teoglycans were independent at the cellular 
level, they still may be connected extracel- 
lularly. The extracellular space may even 
be a more logical place to look for such con- 
nections because it is the composition of this 
compartment which should be controlled. 
Based on the results of the present investiga- 
tion it is possible to outline a hypothetical 
scheme for this kind of interaction between 
the metabolism of collagen and glycosamino- 
glycans in developing granulation tissue. 


With respect to the synthesis of collagen 
there are at least two crucial time periods in 
the developing granulation tissue; one is the 
onset of collagen synthesis during the first 
week of development and the other the ter- 
mination of it during the fourth week (see 
Figure 10). The results of the present investi- 
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Figure 10. Formation of the collagenous matrix 
during development of the granulation tissue 
Amount of collagen (Viljanto 1964, table 6) and 
synthesis of collagen (Ahonen 1968, table 10) in the 
tissue are indicated. 1 = onset of collagen syn- 
thesis, 2 = termination of collagen synthesis. 
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gation imply that increasing concentrations 
of proteoglycans (perhaps also of hyaluronate) 
could be involved in bringing about the latter 
change. The local concentration of proteo- 
glycans depends on their amount but also on 
the amount of collagen fibers in the space as 
these decrease the space available for the 
proteoglycans by virtue of their exclusion 
properties (Pearce & Laurent 1977). In this 
way the cells could indirectly sense increasing 
amounts of insoluble collagen through in- 
creasing concentrations of proteoglycans and 
decrease their synthesis of collagen accord- 
ingly with a proper collagen to proteoglycan 
ratio as the result. At the present it is not 
possible to calculate reliably if the concentra- 
tion of proteoglycans in the granuloma (Leh- 
tonen 1968) corresponds to that found effec- 
tive in vitro in the present investigation. 
There are uncertainties about e.g. the distri- 
bution of proteoglycans within the granuloma 
and the size of various compartments of the 
tissue, such as the intra- and extracellular 
spaces and the volume of collagenous fibers. 
However, the gel-like properties of the con- 
nective tissue matrices in general are consid- 
ered to result from polymer networks in 
these tissues (see the review by Comper & 
Laurent 1978) and it is reasonable to assume 


that such a network, which has a crucial posi- 
tion in the outlined model, exists also in the 
granulation tissue. 


If the outlined model turns out to be fea- 
sible a decreased synthesis or an enhanced 
degradation of proteoglycans (e.g. because of 
continued inflammation and release of hydro- 
lases in the tissue or because of an inherited 
or acquired shortage of protease inhibitors in 
the tissue) can be predicted to result in ex- 
cessive accumulation of collagen, i.e. in the 
fibrosis of tissue. Certainly the fibrosis may 
result also from an excessive and continued 
stimulation of collagen synthesis or from an 
insufficient degradation of collagen, and the 
causes of a fibrotic process may be different 
in different instances. 
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Effect of hyaluronate and heat-treatment 
of the hyaluronate preparation 


The hyaluronate preparation used in the 
present investigation consistently decreased 
the secretion of collagen from cells only after 
it had been shortly heated to 100°C (Tables 
8 and 9). That the effect of the heated prep- 
aration was due to hyaluronate was con- 
firmed by the fact that a hyaluronidase- 
treated preparation did not have an effect 
(Table 9). It was conceivable that some struc- 
tural alterations of hyaluronate had been 
induced by the heat-treatment and that those 
alterations were needed for hyaluronate to 
be effective in decreasing the secretion of 
collagen. 


Hyaluronate in solution is a random coil 
with some stiffness in its structure, and its 
functions have been related to this structure 
(review by Laurent 1970, review by Comper 
& Laurent 1978). In dried films hyaluronate 
has been found to accommodate various heli- 
cal conformations and packings of the poly- 
saccharide chain (Dea et al. 1973, Atkins & 
Sheehan 1973, Guss et al. 1975, Winter et al. 
1975), and there are claims of ordered struc- 
tures also in solutions of hyaluronate (Swann 
1970, Chakrabarti & Balazs 1973, Hirano 1973, 
Hirano & Kondo-Ikeda 1974, Darke et al. 
1975, Mathews & Decker 1977). Hyaluronate 
preparations contain consistently some pro- 
tein, the amount of which varies with the 
source and the method of isolation. The bio- 
logical significance, if any, of the proposed 
chain conformations or the protein parts of 
the molecule is not known. 


The present study did not show any change 
in the hyaluronate itself due to heat-treat- 
ment when tested by viscosity’ measurements, 
optical rotation measurements and gel filtra- 
tion chromatography, methods that conven- 
tionally have been used to detect conforma- 
tional changes in hyaluronate (Hirano 1973, 
Hirano & Kondo-Ikeda 1974, Mathews & 
Decker 1977). It appeared that the heat-treat- 
ment released a protein with a molecular 


weight of approximately 74000, since the 
protein did not anymore elute from the gel 
filtration column together with the hyaluron- 
ate (Figure 6). Although minor heat-induced 
changes in the conformation cannot be ex- 
cluded, it is likely that the effect of hyaluron- 
ate can be attributed to its general macro- 
molecular properties which remained unal- 
tered during the treatment, and which ac- 
cording to the experiments with other poly- 
saccharides can be concluded to have an 
effect on the secretion of collagen. The dif- 
ference between the effects of untreated and 
treated hyaluronate preparations could be 
explained by assuming that the hyaluronate 
preparation contained a collagen synthesis- 
or secretion-stimulating activity which mask- 
ed the inhibitory effect of hyaluronate itself, 
and which was destroyed during heating. 
This hypothetical activity could reside in 
proteins or in hyaluronate-protein complexes 
in the preparation. It has been proposed that 
interactions between hydrophobic proteins 
and the hyaluronate could induce a confor- 
mational change in the hyaluronate (Park & 
Chakrabarti 1978). The main protein of 
rooster comb hyaluronate preparations (ap- 
proximate molecular weight 70000, in good 
agreement with tthe present investigation) 
easily forms aggregates in solution (Swann & 
Caulfield 1975), and thus may be a hydro- 
phobic protein. 


EFFECT OF HEPARIN ON THE 
SYNTHESIS OF COLLAGEN 
AND PROTEOGLYCANS 


Addition of relatively low concentrations of 
heparin to the medium effectively decreased 


the proportion of radioactive collagen re- 
leased from the cells but was without effect 


on the total incorporation of *H-proline into 
collagen (Table 6). The effect was seen al- 
ready at heparin concentration of 0.008 g/l, 
was maximal at 0.04—0.2 g/l, and faded out 
at higher concentrations. There was no effect 


on the incorporation of **S-sulphate into pro- 
teoglycans (Table 7). Thus the secretion of 
collagen from the cells seems to be specifical- 
ly inhibited by appropriate concentrations of 
heparin in the medium. 

The effect of dextran sulphate on the re- 
lease of collagen from cells was similar to 
that of the heparin (Table 10). This suggests 
that the effect of heparin is due to its high 
density of negative charges or to a right 
spatial disposition of the charged groups (be- 
cause of its high sulphate content the dextran 
sulphate could fulfil also the latter require- 
ment). The effect of dextran sulphate was 
only partially reversed by changing the cells 
from a dextran sulphate-containing medium 
to a control medium (Table 13), indicating 
that dextran sulphate interacts strongly with 
the cells. A hypothetical model for the mech- 
anism of the action of heparin is shown in 
figures 9B and 9C. It assumes that heparin 
molecules link together certain components of 
the plasma membrane surface, hampering in 
this way the movements of these components 
and the rearrangement of the membrane 
structure, thus causing an inhibition of col- 
lagen secretion. It certainly is possible to 
formulate also other mechanisms to explain 
the effect of heparin, but the presented one 
is able to give a simple explanation for the 
concentration dependence of the heparin ef- 
fect, i.e. the fact that the effect was lost at 
higher concentrations of heparin (see Figure 
9D). In this way it is also possible to give a 
general explanation, i.e. one based on the 
restriction of cell membrane movements, for 
the findings of the present investigation. 

The physiological functions of heparin have 
long been, and still are, a disputed matter 
(Dougherty & Dolowitz 1964, Engelberg 1977, 
Jaques 1979). No effects of heparin on the 
metabolism of collagen have been reported 
up to now. The results of the present investi- 
gation bring up the possibility that heparin 
released from mast cells could have a role in 
the connective tissue reaction at the site of 
tissue injury or inflammation. However, it 
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will be also interesting to clarify the effects 
of heparan sulphate and dermatan sulphate 
which have structural similarities with hepa- 
rin; heparan sulphate is similar to heparin 
both with respect to its synthesis and struc- 
ture (Lindahl et al. 1977), and dermatan sul- 
phate contains iduronic acid as does heparin. 


REGULATORY FUNCTIONS OF . 
GLYCOSAMINOGLYCANS DURING 
THE CONNECTIVE TISSUE 
REACTION? 


During the connective tissue reaction the 
main metabolic events take place in a given 
As a first event the fibroblasts 
multiply and occupy the space where new 
connective tissue will be needed. They then 
synthesize and secrete collagen and proteo- 
glycans, which are the main contributors to 
These 
rapid processes of anabolism are followed by 
slower ones which reduce the volume and 
increase the strength of the tissue. 


sequence. 


the needed mechanical properties. 


The fibroblasts proliferate and deposit ex- 
tracellular matrix avidly even under cell 
culture conditions and thus seem to be capa- 
ble of forming connective tissue at any time. 
In intact tissues these synthetic functions 
obviously are suppressed to a low level and 
need to be released, stimulated and then again 
inhibited during the formation of new con- 
nective tissue. There is suggestive evidence 
that glycosaminoglycans (heparin released 
from the mast cells, and hyaluronate and pro- 
teoglycans synthesized by the fibroblasts) 
are involved in the regulation of fibroblastic 
activities during the connective tissue reac- 
tion. 

Heparin increases the proliferation of fi- 
broblasts in density-inhibited cultures (Norr- 
by 1971) and could in vivo aid to mobilize 
fibroblasts from surrounding tissues to the 


injured site by the same mechanism. During 
the early stages of the connective tissue reac- 
tion the rate of hyaluronate synthesis is high, 
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and it has been proposed that the fibroblasts 
in this way provide themselves with a suit- 
able environment for migration and prolif- 
eration (Castor 1973). A rapid deposition of 
collagen during this proliferative phase could 
result in a too early fixation of the tissue 
structure with an impairment of the locomo- 
tive activities of the fibroblasts. In this 
respect the inhibitory actions of low concen- 
trations of heparin and of high concentra- 
tions of hyaluronate on the secretion of col- 
lagen, observed in vitro in the present inves- 
tigation, could be advantageous and meaning- 
ful also in vivo. 

In order to allow the deposition of col- 
lagen in tissue the next phase of the process 
should be removal or depolymerization of the 
hyaluronate, as reflected by the appearance 
of high hyaluronidase activities in the tissue 
(Bertolami & Donoff 1978), or the inhibitory 
action of hyaluronate should be reversed by 
stimulators of collagen synthesis, e.g. those 
released from the macrophages. The effect of 
the heparin, which is released at injury, prob- 
ably would be vanished because of the ex- 
pansion of the fibroblast population. 

Active fibroblasts produce also proteogly- 
cans along with collagen. In vitro proteo- 
glycans enhance the formation of collagen 
fibers (Obrink 1973b, Oegema et al. 1975) and 
protect the collagen fibers against degrada- 
tion by enzymes (Linares & Larson 1978), and 
possibly they have similar functions also in 
In the 
present investigation high concentrations of 
proteoglycans decreased the synthesis of col- 
lagen in vitro, which would imply that they 
are involved in the termination of collagen 
synthesis during the connective tissue reac- 
tion. It is noteworthy that the concentration 
of proteoglycans depends also on the amount 
of collagen in the extracellular space, and 
that both collagen and proteoglycans influ- 
ence the mechanical properties of the tissue; 
in this way the synthetic functions of the 
fibroblasts and the properties of the matrix 
could be interrelated providing a possibility 


the forming new connective tissue. 


for control mechanisms. - During the remod- 
elling and maturation of the tissue the deg- 
radation of proteoglycans then could regu- 
late the degradation of pre-existing collagen 
fibers as well as the synthesis of new ones, 
both possibly controlled by the mechanical 
stresses exerted on the tissue. 

The thinking presented above should ob- 
viously be regarded as highly speculative. It 
is based on results of experiments in vitro, 


and results from different experimental con- 
ditions have been combined freely. Further- 
more, regulatory aspects other than glycos- 
aminoglycans have not been considered and it 
is not known how the different mechanisms 
ought to be ranked. The main aim has been 
to stimulate further studies in this important 
field of connective tissue biochemistry, espe- 
cially studies involving the glycosaminogly- 
cans. 


SUMMARY 


1. A procedure was developed for the mass 
isolation of cells from experimental granu- 
lomas produced in the rat by implantion of 
viscose cellulose sponges (Figure 1). The cells 
were viable as confirmed by the incorpora- 
tion of *H-proline into collagen and non-col- 
lagenous proteins (Figure 4), and by their 
ability to proliferate in culture (Table 5). 
The cell preparations contained mainly fibro- 
blasts but were heterogeneous with respect to 
their synthesis of collagen (Table 4), their 
adherence to glass and their appearance in 
culture, indicating that they contained also 
other cells, e.g. macrophages. These cell prep- 
arations were used in studying the effects 
of various glycosaminoglycans on the syn- 
thesis of matrix components; incorporation 
of *H-proline into collagen and non-collage- 
nous proteins and of *°S-sulphate into proteo- 
glycans were measured during 2-h incuba- 
tions of the cells in suspension. 


2. High concentrations of hyaluronate 
(5 g/l) and proteoglycan or chondroitin sul- 
phate (25 g/l) in the medium decreased the 
release of collagen from the cells (Table 6). 
Relatively low concentrations of heparin 
(0.008—0.04 g/l) also decreased the release of 
collagen from the cells; surprisingly, higher 
concentrations of heparin were less effective 
(Table 6). There was no decrease of the re- 
lease of proteoglycans from the cells (Table 7). 


3. The effects of glycosaminoglycans seem 
to result from their general polymer and 


polyanion properties, based on the fact that 
high concentrations of dextran had an effect 
similar to that of hyaluronate and proteo- 
glycan, and low concentrations of dextran 
sulphate had an effect similar to that of hep- 
arin (Table 10). It is proposed that the mo- 
lecular entanglement of the cell surface car- 
bohydrates with an extracellular glycosami- 
noglycan network and the linking of charged 
groups of the cell surface through a highly 
anionic glycosaminoglycan both result in the 
restriction of lateral movements in the cell 
membrane and in a decrease in the rate of 
release of collagen from secretory vacuoles 
(Figure 9). Possible regulatory roles for hep- 
arin, hyaluronate and proteoglycans during 
the connective tissue reaction are suggested 
on the basis of these results. 


4. The hyaluronate preparation used in the 
present investigation inhibited the release of 


collagen from cells consistently only after it 
first had been heated for 5 min to 100°C 
(Tables 8 and 9). Heating had no effect on 
the macromolecular properties of the hyal- 


uronate but it liberated a hyaluronate-asso- 
ciated protein, approximate molecular weight 
74000 (Figure 6). These result could be ex- 
plained e.g. by assuming that a hyaluronate- 
protein complex stimulates the synthesis or 
the secretion of collagen by fibroblasts where- 
as the hyaluronate itself has an inhibitory 
action on the secretion of collagen. 
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